











This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 
terms and conditions of use: 
• This work is protected by copyright and other intellectual property rights, which are 
retained by the thesis author, unless otherwise stated. 
• A copy can be downloaded for personal non-commercial research or study, without 
prior permission or charge. 
• This thesis cannot be reproduced or quoted extensively from without first obtaining 
permission in writing from the author. 
• The content must not be changed in any way or sold commercially in any format or 
medium without the formal permission of the author. 
• When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given. 
 
Terrace Ridges in Trilobites 
Abigail Mary Brown 
PhD, The University of Edinburgh, 2005 
Abstract 
Many trilobites have cuesta-like structures, known as terrace ridges, on both the 
dorsal and ventral surfaces of the exoskeleton. Although terrace ridges all appear to 
have the same basic construction, they are highly variable and several types are 
known. These structures are poorly understood and there are many, varied and 
sometimes contradictory theories as to their function, which are discussed herein. 
Terrace ridge shape variation was explored across Class Trilobita, first qualitatively 
and then using a novel geometric morphometric technique, extended (landmark-
registered) eigenshape analysis (EEA) (MacLeod, 1999). A database containing 
details of over 6000 images of trilobite terrace ridges in the literature was compiled 
from over 450 scientific papers, from which a resource of 1600 scanned images of 
terrace ridges within the Asaphida was produced. A successful heuristic analysis 
technique was developed using EEA, analysing approximately 400 of these images. 
Trends in the variation of simplified terrace ridge arrays on several parts of the 
trilobite were successfully identified. The analysis of these terrace ridge arrays 
achieved good taxonomic separation and, in particular, this analysis appeared to 
separate pelagic and benthic terrace ridge-bearing forms, potentially providing an 
independent cryptic test for trilobite mode of life hypotheses based on exposed 
morphologies. 
Both qualitative and quantitative strands of research contributed to a phylogenetic 
discussion of terrace ridges across Class Trilobita as well as informing an analysis of 
the suggested functions of terrace ridges. The mapping of terrace ridge character 
states clarified patterns of acquisition and secondary loss of terrace ridges across the 
Class. Secondary losses were suggested to be related to the adoption of specialised 
feeding behaviours and the development of alternative types of sculpture. Some 
support was found for theories of frictional interaction and species recognition as 
roles for terrace ridges from the morphometric analyses. 
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1 Introduction 
Trilobites, an extinct group of marine arthropods, evolved a variety of cuticular 
structures during their long history of almost 300 million years. These structures 
include pits, granules, tubercles, canals and terrace ridges and vary greatly across the 
many thousands of trilobite genera that have been recognised. Many qualitative 
studies have been undertaken, cataloguing and classifying these surface features, 
alongside a series of attempts to explain their presence in terms of functional 
morphology. This study has focussed on one type of these structures, terrace ridges, 
developing a rigorous, quantitative approach to their analysis and comparison. 
I 1..:. 
Figure 1. 1: Terrace ridges clearly visible on the dorsal surface of Scutellum (Paralejurus) dormitzeri 
(from Levi-Setti, 1993, plate 214, x2) 
This thesis sets out to contextualise and examine trilobite terrace ridges, considering 
their variety across Class Trilobita and the various suggestions put forward for their 
function. A landmark-registered outline analysis (Extended Eigenshape Analysis or 
EEA) of abstracted terrace ridge arrays was carried out across a variety of taxa, with 
the aim of developing a better understanding, not only of the link between 
phylogeny, taxonomy and ecology and terrace ridge arrays, but also in order to 
establish a consistent and more broadly applicable approach to geometric 
morphometries in assessing shapes such as these in palaeontology. 
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Figure 1.2: Terrace ridges on the pygidial do~blu;e of Planiscutel/um planum planum 
(from Snajdr, 1990 p.l27; sagittal length = 54 mm) 
Figure 1.3: Terrace ridges on trilobite cranidia, all from Whittington, 1992, scale bars = I mm 
A: Kosovopeltis? pompilius, pl. 8, fig. A 
8: Phi/lipsinel/a prec/ara, pl. I 0, fig. A 
C: Remopleurides plaesiourus, pl. II , fig. 8 
Initially, a review of trilobite cuticular sensory structures took place, assessing the 
variety of structures and their locations on the exoskeleton. These features have, 
through comparison with modern analogues, such as crustaceans, bivalves and 
gastropods, and other extinct forms, been ascribed functional morphologies related to 
issues such as burrowing, sediment gripping, current monitoring, ventilation during 
enrolment, drag reduction and even social behaviour (Miller, 1975; Stitt, 1976; 
Schmalfuss, 1981; Seilacher, 1985; Fortey, 1985, 1986; Fortey and Owens, 1999a). 
Initial exploratory work was carried out on cuticular structures in general, involving 
fieldwork and museum visits, and culminating in the development of cuticular 
etching techniques and exploration of these structures with the scanning electron 
microscope. A familiarity with the range of cuticular structures was gained which, in 
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combination with the work on functional morphology and modem analogues, led to a 
tighter research focus on terrace ridges in particular. 
A thorough survey of the literature was carried out, identifying more than six 
thousand potentially usable trilobite terrace ridge images in approximately 450 
different papers, from which a resource containing scans of 1600 images of asaphid 
trilobites was compiled. A database of these image details is included on CD 
(Appendix A) with this thesis, along with a DVD (Appendix B) of the 1600 asaphid 
images. Of these, approximately four hundred images featured terrace ridge arrays 
that were of sufficient quality to analyse quantitatively. 
This quantitative analysis took the form of Extended Eigenshape Analysis (EEA) 
(MacLeod, 1999), a geometric morphometric analysis technique which combines the 
reliability of landmark-based analysis techniques with the flexibility of outline-based 
approaches. Initially, a pilot study was carried out which investigated pygidial 
doublural terrace ridges on a small number of asaphid trilobites. The lines were 
abstracted, digitised and analysed in order to describe the variation of line shapes 
within that dataset. 
Having developed and established the validity of the pilot study, larger scale analyses 
were planned to utilise the maximum available data from the database of images that 
had been identified and collected. Two further methodological trial studies were 
then carried out in order to fine-tune the heuristics and procedures necessary to 
obtain the highest available quality statistical data from the terrace ridge images. 
Having established these heuristics, major studies were carried out into the 
variability of terrace ridge arrays on the dorsal pygidium, hypostome and pygidial 
doublure, the results of which were then analysed statistically in order to assess the 
variation within and between different classifications amongst the dataset. 
Following these quantitative analyses, the distribution of terrace ridge character 
states across Class Trilobita was considered in a phylogenetic context and the results 
of this study were considered in terms of the various hypotheses that have been 
proposed for terrace ridge function. 
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At all stages through these analytical studies, consideration was given to two specific 
areas: the implications of the analysis for elucidating the morphology of trilobite 
terrace ridge arrays and the further development of the use of geometric 
morphometric analysis techniques as a way of comparing and contrasting complex 
and highly variable structures on palaeontological material. 
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2 Background to Research 
2.1 Chapter overview 
In this chapter, terrace ridges and other exoskeletal sculptural structures found in 
trilobites are described. Some new observations, mainly arising from study using 
scanning electron microscopy techniques, are presented. Previous research on 
terrace ridges is summarised and the various theories regarding their function 
considered, incorporating a review of analogous structures in extant and fossil 
groups. 
2.2 Fieldwork and material 
Carboniferous (Namurian) specimens of Paladin eichwaldi shunnerensis were 
collected from the Shunner Fell Marine Beds of the Millstone Grit facies, a few 
hundred metres to the south west of the summit, at a locality named Shunner Fell 
Well [SD 843970] in North Yorkshire. The trilobite material recovered from this 
locality predominantly comprises disarticulated exuviae. Adult specimens are black 
and are therefore readily observed, embedded in pale blue-grey fine grained 
limestone. Juvenile specimens are usually considerably paler and close in colour to 
the enclosing matrix, and therefore more difficult to find (Clarkson and Zhang, 
1991). This material features excellently preserved specimens of Paladin eichwaldi 
shunnerensis King, 1914 at various stages of development, thus enabling the 
ontogeny of cuticular structures to be described (Clarkson and Zhang, 1991 ). 
Highly fossiliferous Carboniferous (Visean) material from Eyam in Derbyshire was 
donated by John Tilsley, yielding abundant Baliothyreus becki Tilsley and Owens, 
2003 and Paladin eakringensis Osm6lska, 1970. The holaspid forms of these taxa 
were subsequently described in Tilsley and Owens (2003). It was intended to 
construct ontogenies of both these species, following the methods of Clarkson and 
Zhang ( 1991 ), concentrating on the development of cuticular structures from the 
larval stages onwards. Unfortunately, despite extensive SEM examination, and the 
acquisition of large quantities of additional material, insufficient juveniles were 
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found to make this possible. It is likely that these deposits were winnowed by 
currents, as similar sized disarticulated exuviae were frequently found clustered 
together. Collecting specifically for juveniles is impossible as the Eyam Limestone 
has never been located in situ, and is only known from loose blocks collected at Mill 
Lane [SK 2257 7608,2256 7610 and 2276 7594], many of which have been 
incorporated into local walls. 
The material collected from Shunner Fell and Eyam was used extensively in SEM 
analysis to examine a range of cuticular sensory structures in detail, including pits, 
canals, granules, terrace ridges and cell polygons. This material was also used to 
develop an EDT A etching technique. Accounts of these methods are outlined below. 
Additionally, Middle Cambrian material from the exsulans limestone (documented in 
Westergard, 1950), on the shore 1km south ofBrantevik, Sweden was collected. 
Ctenocephalus exsulans Linnarsson, 1879 was found in particularly high numbers 
and was used for examination of many well preserved cuticular structures such as 
pits and tubercles but again no juveniles of any of the taxa present in this assemblage 
were discovered despite intensive SEM examination. 
For the specific study of terrace ridges, the collections of the Natural History 
Museum, London were predominantly used. Visits were also made to the collections 
of the Oxford University Museum, the Sedgwick Museum, Cambridge and the 
Hunterian Museum, Glasgow. The collections of Arne Thors0j Nielsen (many of 
which were figured in Nielsen, 1995) were examined at the Geological Museum, 
Copenhagen, concentrating on cyclopygids which are relatively poorly represented in 
the literature and frequently photographed at such orientations that the terrace ridges, 
especially those on the cephalic doublure, are not visible. Fieldwork was undertaken 
at Dynevor Home Farm, Llandeilo, Wales [SN 6150 2284], yielding large numbers 
of Ogygiocarella debuchii Brongniart, 1822. 
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2.3 Methods and techniques 
2.3.1 Scanning electron microscopy technique 
For the study of surface cuticular structures and moulds, the large slabs of 
Carboniferous material were broken up and the fragments examined in great detail at 
x25 magnification, in order to potentially recognise juveniles. Once suitable 
specimens for examination were identified, they were gently washed in tap water, 
allowed to dry and then mounted and oriented on aluminium stubs. They were then 
gold sputter coated and the conductivity ensured by a track of Aquadag from the top 
of the specimen to the stub. They were examined using the Philips XL30CP 
scanning electron microscope and scanning electron micrographs were produced at a 
wide range of magnifications. 
2.3.2 Cuticular etching technique using EDTA 
Decalcification of the cuticle using EDT A solution can reveal delicate structures of 
the cuticle that are not otherwise apparent. These are interpreted as the remains of 
the original organic framework (Dalingwater, 1973; Teigler and Towe, 1975; Miller, 
1976; Dalingwater and Miller, 1977). In order to pursue this route of investigation, 
an etching technique appropriate for the material collected was developed. 
A saturated aqueous solution of EDT A (20%), buffered with NaOH at pH 8 was 
prepared over two days. The method followed was that suggested by Dr Maggie 
Cusack at Glasgow University. In summary, to make up one litre of etching solution, 
20g ofNaOH were dissolved in 300ml distilled water, and 200g of EDT A (disodium 
salt) were then added, and left to dissolve. 1OM and 1M solutions ofNaOH were 
also made up. The volume of the EDT A solution was made up to nearly 1 litre, and 
the EDT A left to dissolve, using a magnetic stirrer. The pH was then measured, and 
the 1OM and 1M solutions ofNaOH were used to ensure the pH was exactly 8.00, 
the 1M solution being used for fine adjusttnent. The volume was gradually made up 
to one litre using distilled water and the NaOH solutions, ensuring that the pH 
remained at 8.00. 
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The surfaces of each slab of material were examined in great detail at x25 
magnification and any cuticular material discovered was trimmed around closely 
using a 1 0" diameter continuous rim oil cooled diamond blade to form a small block, 
with one surface of the cuticle as close as possible to an edge. The final cut faces 
were then finely ground and smoothed using 400 mesh (mean particle size 17J.1m) 
silicon carbide grit, on a powered cast iron plate until the cuticle was encountered 
and was therefore visible in section. The block was then attached to a crocodile clip 
hanging from a retort stand and clamp and the sectioned cuticular surface was 
suspended in the EDT A solution for approximately 40 minutes. A range of etching 
periods were experimented with for the Shunner Fell material and 30 to 40 minutes 
emerged as the optimal etch period. With shorter etch periods, not enough calcium 
had been removed in order to elucidate the original structure; with longer time 
periods the cuticle started to dissolve as well as the matrix. Similar etching periods 
were generally effective for the Derbyshire material. The sample was then removed 
from the solution and left under gently running tap water for approximately 60 
minutes in order to remove the EDT A as the material was very porous and continued 
to be etched if rinsing was not very thorough, ultimately destroying the delicate 
structures. The sample was then dried in the oven at 70°C for approximately 30 
minutes. Specimens selected for examination were then prepared for the SEM using 
the method outlined above. 
In order to trace the structures through a fragment of cuticle, serial grinding and 
etching was performed. Once an etched surface was examined using the SEM, the 
grinding, etching, drying and coating procedures were repeated, prior to further SEM 
examination. The process was repeated as long as cuticle remained. 
2.3.3 Thin sections 
As pointed out by Miller (1975), an essential complement to surface observations by 
light and scanning electron microscopy is the examination of thin-sections. Some 
superficially similar surface features have important internal structures which are 
only revealed in section (Osm6lska, 1975; Miller, 1975; St0rmer, 1980). Cuticle 
partially or completely embedded in matrix is particularly useful for thin-sectioning, 
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as the matrix protects the specimen from both erosive processes and extraction 
damage, although the identity and orientation of embedded specimens are of course 
more difficult to discern. In particular, thin section work was undertaken on the 
terrace ridges of Paladin in considering the various functional hypotheses for these 
structures. 
2.4 Overview of cuticular structures 
Any palaeo biological study of extinct organisms must draw, to some extent, on 
analogy with living counterparts (Miller, 1976). As Laverack and Barrientos (1985) 
observed, any demands made on the living animal (for which we now only have 
fossil remains) would have been similar in times past to those that now exist. They 
went on to explain that there would have been a need for sensitivity towards light, 
chemicals, mechanical stimulation and orientation, and specific sense organs to 
respond to these stimuli would have developed (Laverack and Barrientos, 1985, p. 
123). Thus we can speculate that at least some modem sensory structures will have 
equivalents in fossil forms. Aquatic animals are clearly more analogous to the 
exclusively marine trilobites, and several detailed studies of extant Crustacea, with 
which the Trilobita shares its marine habitat and size range, have been used to 
ascribe specific functions to the different cuticular structures seen in trilobites (e.g. 
Laverack and Barrientos, 1985; Barrientos and Laverack, 1986). 
There follows an illustrated summary of research that has been conducted in the field 
of cuticular sensory structures, including the ultrastructure of the cuticle itself. 
Particular attention is paid to structures such as terrace ridges, granules (tubercles) 
and pore canals. For the purposes of consideration of potential trilobite sensillae, the 
main types of extant arthropod sensory organs will first be considered in brief. 
2.4.1 Extant arthropod sensillae 
As noted by Miller (1976), there are two main types of exoreceptors in extant 
arthropods that have cuticular expression: setae and campaniform sensillae. It is also 
possible that tubercles may be sensory. As Miller (1976) explained, several types of 
receptor can be found in a single sensilla, and precise functions of sensillae may vary 
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between species. In fossil material, because so much information is lost, direct 
comparison with structures of known function in living forms is not necessarily 
possible. Additionally some fossil structures may not even have direct analogues in 
extant forms. However, for the purposes of this brief explanation, the main types of 
sensillae are grouped into four main categories: mechanoreceptors, chemoreceptors, 
photoreceptors and proprioceptors. 
In Crustacea, the mechanoreceptors are generally different types of setae (which also 
perform other functions) found on the body and appendages. They provide 
information about contact sense, speed/direction of movement and detection of 
distant water disturbances (Miller, 1976). Chemoreceptors may be found in the form 
of setae or campaniform sensillae and occur all over the crustacean exoskeleton. 
The best known photoreceptors are of course the eyes but, as Miller ( 197 6) 
remarked, light sensitivity is also a very common property of arthropod integument 
(the epidermal cell layer of the body and the overlying secreted cuticle). 
Proprioceptors, usually comprising a series of minute hairs along lines of articulation 
(Fortey and Owens, 1999a), provide positional informaticn, in for example the 
funnel canal organs ( campaniform sensillae) and hair plates of decapods (Miller, 
1976). Examples and detailed explanations of these (and other) sensillae were 
provided by Laverack and Barrientos ( 1985). 
2.4.2 Cuticular ultrastructure 
The cuticle of trilobites is principally calcareous (Wilmot and Fallick, 1989) and is 
commonly preserved in the fossil record. The structure of the trilobite cuticle has 
been much studied (Evitt and Whittington, 1953; Dalingwater, 1973; Miller, 1975; 
Osm6lska, 1975; Teigler and Towe, 1975; Fortey and Clarkson, 1976; Miller, 1976; 
Dalingwater and Miller, 1977; St0rmer, 1980; Mutvei, 1981; Wilmot, 1990a; 
Dalingwater eta/., 1991; Dalingwater eta/., 1993). These studies have mostly been 
concerned with lamination of the exoskeleton, the surface sculpture and the 
associated canals or ducts. 
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The studies listed above have predominantly made use of techniques such as 
scanning electron microscopy and etching to supplement optical examination of thin-
sections. There have been many contradictory interpretations of what structures are 
visible, as a consequence of misunderstandings about the diagenesis of trilobite 
cuticle, and the identification of primary and diagenetic microstructures has recently 
received attention (McAllister and Brand, 1989; Wilmot 1990b). 
It has been established that trilobites were more heavily calcified than modem crabs 
and lobsters (Towe, 1973; Teigler and Towe, 1975; Dalingwater and Miller, 1977). 
The high degree of calcification compared with other arthropods suggests an 
evolutionary bias for thicker exoskeletons and hence increased protection (Wilmot, 
1990c ). Given the extent of calcification of the exoskeleton and the fact that little 
organic material has been discovered it has been inferred that the thick, strong cuticle 
required a minimum of organic material. However, the lack of biochemical evidence 
for chitin does not confirm that the trilobite cuticle lacked this material, only that it is 
not now chitinous (Teigler and Towe, 1975). Assuming the assumption that the 
cuticle contained little organic material is correct, the exoskeleton was therefore less 
susceptible to bacterial degradation than extant arthropod cuticle (McAllister and 
Brand, 1989). In order to demonstrate the likelihood that primary calcite and 
biomineralisation structures are preserved, the calcitic lenses of trilobite eyes were 
examined by Towe (1973), who established that this calcite has crystallographic 
properties comparable to other primary calcite, suggesting that it represents pristine 
material and conditions. Therefore other biomineralisation microstructures are likely 
to be preserved in trilobite cuticles (McAllister and Brand, 1989); a conclusion which 
was substantiated by St0rmer ( 1980). 
Additionally, as reported by McAllister and Brand (1989), pristine and diagenetically 
altered cuticles possess significantly different geochemical characteristics. On p.1 02 
they stated that "geochemical data are an important tool in the determination of the 
degree of diagenetic alteration of calcium carbonate in exoskeletons, the 
identification of diagenetic microstructures, and in separating pristine specimens 
from altered trilobites". Dalingwater et al. (1991) considered that the outer layer in 
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Ellipsocephalus was composed of calcium phosphate, although the data of Wilmot 
and Fallick (1989) showed the cuticle was predominantly composed of low 
magnesian calcite. 
The total thickness of trilobite cuticle varies between 1 OJ.lm and 1 OOOJ.lm. F ortey and 
Wilmot (1991) showed that thicker cuticles (greater than 200J.1m) tend to be 
associated with inshore sites, at least in the Early Ordovician. Thickness does not 
appear to have been related to size and some large species have been shown to have a 
thin cuticle. 
Distinct layers have been recognised in the cuticle. Dalingwater (1973) and St0rmer 
(1980) reported an outer prismatic layer (which is more rarely preserved), and a 
thicker principal layer below. According to Wilmot (1990c), and previous workers 
(Dalingwater, 1973; Osm6lska, 1975; Teigler and Towe, 1975), the outer prismatic 
layer is a relatively thin layer of calcite crystals, approximately 1 J.lm in diameter, 
oriented with their longer c-axes perpendicular to the exoskeletal surface, resulting in 
a "wave extinction" in polarised light. The principal layer comprises 85-95% of the 
total cuticle thickness (Wilmot, 1990c ). The crystals are smaller and more irregularly 
arranged than within the prismatic layer, but parallel laminations are sometimes 
preserved. Dalingwater and Miller (1977) distinguished three zones in the principal 
layer of Asaphus raniceps using EDT A etching: an outer laminate zone, a prominent 
central laminate zone, and a relatively thin inner laminate zone. Similar zones in the 
principal layer of the cuticle of Phacops rana were distinguished by Miller (1976) 
and Miller and Clarkson ( 1980). 
More recently, Dalingwater et al. (1991) demonstrated that the cuticle of 
Ellipsocephalus has a very thin (25-30J.1m) outermost epicuticle representing the 
original inorganic material of the cuticle, an outer laminated layer and a principal 
layer. Subsequent work (Dalingwater et al. (1993)) on Tapinocalymene identified a 
very thin (less than 1 J.lm) epicuticular layer, which rarely preserves, a finely 
laminated outer layer (25-30J.1m), a finely foliated principal layer (200-400J.1m thick) 
and a very thin (1 J.lm) innermost layer. Significantly, they noted that the "prismatic" 
outer layer observed in trilobites is secondary and may have recrystallised from a 
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finely laminated outer layer ( exocuticle ). Additionally they concluded that the 
mineralisation mechanism of trilobites was similar to that of living decapod 
crustaceans, with the exocuticle calcifying first. However, Teigler and Towe (1975) 
believed that the cuticle is more closely analogous to that of ostracodes (cf Towe, 
1978). 
2.4.3 Terrace ridge morphology 
Terrace ridges have been described in a variety of marine and marine-derived 
invertebrates. They are typically relief patterns, consisting of sets of subparallel 
ridges with an asymmetrical cross-section (Savazzi, 2003b), and are known variously 
as terraces, terrace lines, terrace sculptures, cuesta-shaped ridges and ratchet 
sculpture in the many groups in which they occur. (According to Savazzi (2003b), 
the term terrace derives from their superficial similarity with agricultural terraces on 
sloping ground.) In trilobites, these step-like structures are most commonly known 
as terrace ridges, and this term, as employed in the Treatise (Kaesler, 1997) is 
applied herein. The definition of trilobite terrace ridges given in the Treatise (p. 329) 
is as follows: "Asymmetrical ridges on external surface of exoskeleton, having a 
steep scarp and gentle dip slope, may be parallel, subparallel, or anastomosing". 
Schmalfuss defined terrace ridges as having "a steep face sloping more than 60 
degrees and a flat face sloping less than 30 degrees" (1978, p. 21 ). However, in 
practice, the term terrace ridge is used to describe any structure that improves 
frictional interaction with the substrate (Savazzi, 1982). 
Terrace ridges are commonly found on both the dorsal and ventral surfaces of the 
trilobite exoskeleton, although they are absent or subdued in some groups. Terrace 
ridge development and distribution across the Trilobita are described in more detail 
in chapter 9. Although they all appear to have the same basic construction, terrace 
ridges are highly variable, and several types are known. Terrace ridge spacing, 
facing, course and scarp-slope angles all vary widely, even within individuals. For 
example, the polarity of the scarp-slope system was observed to reverse laterally on 
the thorax of 1/laenus sarsi by Miller (1975, fig. 13C). 
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Ventral terrace ridges 
Ventral terrace ridges, which occur on the doublure of the cephal on, pleurae and 
pygidium, as well as on the hypostome, are distinct from terrace ridges found on the 
dorsal surfaces in that they run approximately parallel to the margin of the animal 
and are regularly spaced, coursing parallel to each other with the steep faces directed 
peripherally (Schmal fuss, 1981 ). The exception is on the hypostome where they 
often run transversely across the median body. As Schmalfuss noted (p. 334), the 
pattern and spacing of hypo stomal terrace ridges correspond to those on the 
doublure, but the steep faces are directed medially or mediofrontally. Most 
individual ventral terrace ridges are long, gently curved, have high relief and steep 
scarp angles (sometimes overhanging) and tend to follow the margin more or less 
continuously, with some shorter terrace ridges interspersed. The possession of 
ventral terrace ridges is primitive for Class Trilobita, as is discussed in chapter 9. 
Dorsal terrace ridges 
Dorsal terrace ridges are much more variable in course, are frequently shorter, 
possess higher anastomosis frequencies, have lower relief and are less asymmetric 
(Miller, 1975). Their scarp slopes are usually directed posteriorly. Unlike the ventral 
(doublural) terrace ridges, dorsal terrace ridges commonly run roughly transversely 
across the axial regions, although they also tend to be sub-marginal when they are 
restricted to the borders. As is explored in chapter 9, the possession of strong dorsal 
terrace ridges may be considered to be a more derived character. 
Lirae 
More symmetrical varieties of ridges, known as "raised lines" or "lirae" are found on 
the dorsal surface, frequently the glabella, of many trilobites, often forming a 
fingerprint-like or "Bertillon" pattern. These ridges are symmetrical in section, with 
rounded tops, as in Phillipsinella (Bruton, 1976), also reproduced in figure 1.3B. As 
noted in the Treatise (Whittington and Wilmot in Kaesler, 1997, p. 82), lirae may 
grade into terrace ridges (fig. 75) and the categorisation of ridges on the basis of 
asymmetry is generally difficult to apply. The degree of asymmetry is difficult to 
determine in all but the best preserved specimens as the ridges are so readily abraded. 
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It can only be accurately measured if the cuticle is embedded in the matrix, and then 
thin-sectioned perpendicular to the terrace ridges. In practice, true lirae are frequently 
described on the basis of the distinctive fine Bertillon patterns they form rather than 
the extent of asymmetry of the individual ridges. An additional complication 
regarding the reliable definition of terrace ridges is that they often seem to be formed 
by the gradual merging of rows of granules into lines, as is illustrated in 
Phillipsinella (Bruton, 1976; pl. 106, fig. 2). Hammer (2000) suggested that the 
transition from granules into terrace ridges (as demonstrated in Paradoxides 
forchhammeri) indicated that they were controlled by the same underlying pattern 
formation system. 
Few studies exist where terrace ridge sculpture has been documented throughout 
ontogeny. In Paladin eichwaldi shunnerensis, a complete meraspis stage one has no 
terrace ridges on the dorsal surface, but is covered with a fine mesh of raised ridges 
in reticular pattern (Clarkson and Zhang, 1991 ), as is shown in figure 2.18. In 
marked contrast, the early holaspid assumes the adult sculpture of granules, pits and 
terrace fields on the librigena and the doublure. Though the meraspis doublure is not 
visible, it too may lack terraces as well as the genal margin. According to Miller 
( 197 5) and Schmal fuss ( 1978b, 1981 ), the terrace separation remains close to 
constant through ontogeny, suggesting that terrace formation is under some kind of 
genetic control and that an optimum spacing is acquired fairy early in the life-history. 
However, Clarkson and Zhang (1991), in their study of Paladin eichwaldi 
shunnerensis, did not find that the spacing between terrace ridges remained constant 
through ontogeny, although they did determine that the overall number of terrace 
ridges increased (p. 292). However, as they noted, Paladin is thought to have had a 
vagrant benthic mode of life (p. 292) and therefore may not have been optimised for 
burrowing; this lack of allometric densing may indicate a difference in function. 
Similarly, Tripp and Evitt (1986) figured a degree 0 meraspis librigena of Isotelus 
giselae which measurement (from the plates) reveals had a terrace ridge spacing of 
approximately 0.05mm (test fig. 4B) and an adult form of the same taxon with 
0.25mm spacing (plt. 57, fig 15); again in this case terrace ridge spacing did not 
remain constant through ontogeny. 
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Terrace ridge sculpture is a common form of surface relief in trilobites, although it is 
absent in some groups, including the Agnostina and some groups within Phacopida. 
The distribution of terrace ridge types across Class Trilobita is discussed at more 
length in chapter 9. 
Figured below are several scanning electron micrographs selected to illustrate 
aspects of terrace ridge morpho logy. In figure 2. 1, crossing and bifurcating terrace 
ridges are visible on the hypostome of Paladin eakringensis. Impersistent ridges, 
especially on the dorsal surface are also common, as demonstrated in figure 2.2. A 
fragmented area in the bottom left comer of figure 2.2 is shown in figure 2.3, and it 
is suggested that the terrace ridges appear to be composed of discrete calcite units, 
most likely crystallites in the prismatic layer. 
In the thin section photograph shown in figure 2.4 (taken under cross-polars), the 
pygidial margin and associated doublure of Paladin eakringensis are observed to be 
formed of discrete calcite units or domains, of which the terrace ridges are the 
external expression. Again, these may be crystallites in the pris1natic layer. These 
domains successively extinguish as the stage is rotated, implying that the 
crystallographic orientation of these units varies. Although they are frequently 
observed, the nature of the boundaries between these domains has received little 
attention, although the boundaries have been interpreted as being representative of 
pore canals (Miller, 1975). The scanning electron micrograph of a broken terrace 
ridge in figure 2.3 shows that each of these boundaries represents a different lamina, 
plunging through the cuticle as far as the surface. It is unlikely that they can be 
interpreted as pore canals arranged along the doublural terrace line, because they are 
present on many sections cutting the same specimen. This suggests that they form a 
continuous slit along the doublural terrace line (Osm6lska, 1975). Figures 2.5 and 
2.6 demonstrate the effect of etching on terrace ridges on the pygidial doublure, 
using the technique described in section 2.3. Note the absence of pits associated with 
the terrace ridges, to be discussed in section 2.5. 
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Figure 2.1: Paladin eakringensis 
Bifurcating terrace ridge on the hypostome. 
Figure 2.3: Paladin eakringensis 
Magnified view of broken terrace ridge in figure 
2.2. 
Figure 2.5: Paladin eakringensis 
Pygidial terrace ridges. 
Figure 2.2: Paladin eakringensis 
Discontinous terrace ridges around the cephalic 
margin. 
Figure 2.4: Paladin eakringensis 
Thin section view ofpygidial doublure under 
crossed polars x40. 
~ - , 
Figure 2.6: Paladin eichwaldi shunnerensis 
Etched pygidial terrace ridges. 
The various functional hypotheses for terrace ridges will be considered in section 
2.5. 
2.4.4 Pits and associated ducts and canals 
The cuticle is perforated by canals ofvarious sizes (Stermer, 1980) which often open 
into surface pits and pass through the thickness of the exoskeleton. They are thought 
to mostly represent the sites of former sensory setae, which varied in size, strength 
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and flexibility, depending on the duct or pit size (Miller, 1 976). Setae are very rarely 
recovered; as noted by Wilmot (1990a), the few bristles and fine hairs which have 
been found were all within enrolled specimens, which would have created a 
protected area with a suitable microenvironment for delicate replacement. Any fine 
setae preserved on the external surface are likely to be easily dislodged (Wilmot, 
1990a). The pit structure is frequently identical to the setal pits of modern 
arthropods, and the sizes of the pits and canals of trilobites correspond with those of 
the extant animals. Fortey and Owens (1999a) observed that although setae were 
primarily tactile, analogy with the complex arrays in living decapods (Derby, 1982). 
suggests that chemosensory devices innervated from the same opening may also have 
been present. 
There have been several attempts to categorise these canals. Osm6lska (1975) 
discerned two groups, those where the diameter was less than 2~m and those where 
it measured between 10 and 30~m. Miller (1976) categorised three groups: 5-lO~m. 
15-20~m and 45-50~m. Dalingwater and Miller (1977) demonstrated that the 
narrowest canals were about 1 ~m thick and very densely but evenly distributed and 
believed these to be analogous to the presence of pore canals in extant arthropods. 
There is some uncertainty about the function of these "pore-canals" in modem 
cuticles, but there are strong indications of their involvement in cuticle secretion, and 
a similar function is likely in trilobites. Dalingwater and Miller ( 1977) considered 
that the term "pore canal" should be restricted to these structures. 
Figure 2.7: Paladin eichwaldi shunnerensis 
Regular pitting on the etched pygidial doublure. 
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Figure 2.8: Paladin eichwaldi shunnerensis 
Higher magnification view of figure 2 .7. 
Most of the slightly larger (1 0-250J.Lm) canals through the exoskeleton in trilobites 
presumably contained extensions of nerve cells in the epidermis. These usually open 
in a pit on the cuticle surface. Examples of these larger pits on the pygidial doublure 
in Paladin eichwaldi shunnerensis are illustrated in figure 2. 7 and 2.8. These pits are 
approximately 1 OJ.Lm across and probably represent the sites of setae. The 
distribution of larger cuticular ducts is not related to thicker areas where rigidity is 
seemingly required, and the canals are not particularly large or dense in trilobite 
cuticles of significant overall thickness. It is therefore assumed that the omnipresent 
pore canals were the main agents of trilobite cuticle secretion. As stated by Miller 
(1976, p.345) "In trilobites, the larger ducts most commonly occur in areas of the 
exoskeleton associated in modern arthropods with sensory specialisation, especially 
the head and body margins. It therefore seems most likely that the majority of ducts 
larger than pore-canals in trilobites represent the sites of former sense organs, 
probably setae". Where the canals open into a bowl shaped pit on the surface, setae 
would have had considerable mobility. This is inferred by analogy with basal setal 
sockets in extant arthropods (Miller, 1976). 
As discussed in section 2.4.1, arthropods often have a series of minute hairs running 
along their lines of articulation, which help to monitor relative movement and 
position between joints (proprioceptors ). Many trilobites display lines of tiny pits 
along the posterior edges of their thoracic segments, which appear to be sited in the 
analogous position to detect relative movements, for example when enrolling. These 
pits probably housed fine setae (Fortey and Owens, 1999a). 
Miller (1975) interpreted certain lines crossing the exoskeleton as canals. These run 
inwards from the base of scarps along terrace ridges, and are crucial to his current 
monitoring hypothesis for terrace ridges, as discussed in section 2.5. If these were 
canals, corresponding rows of evenly spaced pits or canal openings on the outer 
surface should be visible (Osm6lska, 1975). Miller's (1975) SEM pictures do not 
show such rows of canal openings. The many pits along the border would have 
shown a mixture of canals of different dimensions and mutual differences. Osm6lska 
( 197 5) interpreted these "canals" as sections of laminae or sheets - the "canals" 
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marking the boundary between fine lamellae from the laminate zones. Additionally, 
vertical lines seen in section crossing the exoskeleton are interpreted as subvertical 
laminae rather than true canals. 
Osm6lska (1975) observed small shallow numerous pits fairly evenly distributed on 
the entire external surface of the integument. These were also figured by 
Dalingwater (1973). St0rmer (1980) reported that these "Osm6lska cavities" are 
composed of regularly sized pits (12-15~m in diameter and 10-18~m deep) located 
directly beneath the prismatic layer and interpreted their function as chemosensory. 
Although these cavities were said to connect to fine canals in the principal layer, they 
were not thought to reach the external surface, almost certainly because it is very 
difficult to discern whether the area directly below the cavities actually is penetrated 
by minute canals (McAllister and Brand, 1989). As Wilmot ( 1990b) pointed out, if 
they did not reach the external surface, Osm6lska cavities were unlikely to have been 
chemosensory, as chemicals would have needed to diffuse through the calcitic 
prismatic layer. However, re-examination of St0rmer's (1980) material by Wilmot 
( 1990b) has shown that Osm6lska cavities occur within the prismatic layer and open 
onto its outer surface, and, as they were probably open to the surrounding 
environment, it is therefore possible that these modified canals may have been 
chemoreceptors (or other kinds of sensory receptor). However, as Wilmot (1990b) 
observed, sensory receptors are usually found in particular areas of the exoskeleton 
in extant arthropods, whereas Osm6lska cavities are distributed all over the cuticle, 
even across other structures such as granules and pits (Miller, 1976) and on the 
doublure. This information, as well as the absence of ordinary pore canals, led 
Wilmot ( 1990b) to suggest that Osm6lska cavities may have been modified pore 
canals involved in cuticle secretion and mineralisation. They were interpreted as 
primary structures on the basis of their regular arrangement and spacing, which 
preclude formation as a result of abrasion or boring algae (McAllister and Brand, 
1989). These authors suggested that Osm6lska cavities are a "genetic 
biomineralisation signature" of the trilobite (p. 1 05), and indicate excellent 
preservation of cuticular calcite. However, as noted by Fortey and Owens (1999a), 
Dalingwater et al. ( 1993) demonstrated that the Osm6lska cavities may, after all, just 
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be artefacts of diagenesis. This of course means that other exoskeletal organs could 
also have been misinterpreted. 
Possible pore canals are shown in figures 2. 9 and 2.1 0. They are seen running 
perpendicular to the surface on the etched pygidiaJ margin of Paladin eichwaldi 
shunnerensis. A significant difference in structure is visible in the outer 1 OO)lm of 
the pygidial margin. 
Figure 2.9: Paladin eichwaldi shunnerensis 
Thin structures, possibly canals, on the surface of 
the etched pygidial margin. 
Figure 2.10: Paladin eichwaldi shunnerensis 
Higher magnification view of possible canals 
preserved on the etched pygidial margin. 
Putatively analogous pits and setae are shown in the common lobster in the scanning 
electron micrographs below (figures 2.11 and 2.12). Crustaceans perceive water 
currents using a combination of antennae as well as specialised directional sensors 
called hair fan organs which are distributed over the carapace and thorax (Laverack, 
1962). The hair fan organs (figure 2.12) consist of a cluster of hairs which can pivot 
in one plane. Water currents deflect hair pegs where the pivot of the hairs is 
orientated at right angles to the direction of current, providing information about 
amplitude and direction. 
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Figure 2.11: Homarus vulgaris 
Hair fan organs and pits on the carapace surface. 
2.4.5 Granules 
Figure 2.1 2: Homarus vulgaris 
Higher magnification view of hair fan organ in 
figure 2.11. 
Amongst the various types of sculptural elements, the "tubercl
es", "granules" or 
"pustules" are the most common in trilobites. These structure
s and their associated 
canals have already been extensively studied, and examples ar
e shown in figures 
2.13 to 2.16. However, even in Recent forms the functions of
 the various structures 
are little known (St0rmer, 1980). Miller (1976) showed that th
ese structures were of 
different types when seen in cross sections of the cuticle. The
 term "tubercle" now 
comprises many different structures and functions (St0rmer, 1
980) and where thin-
sections are not available to determine the exact structure of th
e raised feature, the 
term "granule" or "pustule" is employed. As Wilmot ( 1991) s
tated, "it is not 
possible to determine whether these structures were secretory 
or sensorial (or indeed 
both) in function" (p.191 ). She went on to explain that the ma
jority of these cuticular 
structures are concentrated anteriorly or on the more elevated 
areas of the 




Figure 2.13: Baliothyreus becki 
Highly ornamented librigena with granules of 
varying sizes. The terrace ridge system on the 
lateral border is also evident. 
Figure 2.15: Ctenocephalus exsulans 
Higher magnification view of a large tubercle in 
figure 2.14. 
Figure 2.14: Ctenocephalus exsulans 
Granular dorsal surface of librigena. Numerous 
small pits and large granules on mould surface, 
indicati sculpture on the ietal surface. 
Figure 2.16: Ctenocepha/us exsu/ans 
Cranidium showing highly pitted mould surface, 
indicating orig inal granular surface. 
Three main groups oftubercles and granules were recognised by St0rmer (1
980). 
Figure 2.17 was based on that study. These three groups comprise smooth tu
bercles, 
pitted tubercles and composite tubercles. In the small granule type of smoot
h 
tubercles, a central canal is observed as a very thin duct in the upper part of 
the 
exoskeleton. The medium-sized, low, convex smooth tubercle has (below th
e outer 
zone) a wide, perpendicular canal which may continue upwards through the 
outer 
zone as a very thin duct or canal. This kind of tubercle can be compared wit
h the 
sensory campaniform organs in Recent arthropods. St0rmer interpreted wid
e 
openings in tubercles as abrasive damage. Pitted tubercles have a distinct ce
ntral 
canal with an apical aperture. According to Sti21rmer, three types of composi
te 
tubercles occur, two formed by fusion of small smooth tubercles or pitted tu
bercles 
respectively, and a complex type occurring uniquely in Devonian Phacopida
e, which 
was also described by Dalingwater ( 1973), Osm6lska (1975) and Miller (197
6). This 
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type of tubercle is possibly analogous with a mechanoreceptor organ in the halteres 
of Recent Diptera (St0nner, 1980). 
Figure 2.17: Tubercles and associated cuticular structures. A-E. Cross-sections. A. Pit tubercle. B. 
Cone tubercle. C. Spine tubercle. D. Fused pit tubercles. E. "Phacopoid type" of large globular 
tubercle. F. Plan view of pitted tubercles in Flexicalymene (from Fortey and Owens, 1999a). 
Brezinski ( 1988) suggested that tuberculate fonns may have used the tubercles as a 
mimic of the surrounding coarse grained sediment, as a fonn of camouflage. It is 
also possible that these tubercles were an adaptation to strengthen the exoskeleton in 
environments of strong water currents by increasing the exoskeletal surface area. 
However, sometimes tuberculation is restricted to certain areas (e.g. in proetids, often 
just the glabella and the axial region of pygidium) and it would be anticipated that if 
they had a strengthening function they would cover the entire exoskeleton. This 
strategic location suggests that their purpose was for protection rather than solely for 
strengthening. If the trilobite was partly buried in the sediment so that only the most 
elevated parts were exposed (e.g. glabella and axis), the lack of tuberculation 
elsewhere on the exoskeleton would be of no consequence. The coarse knobbly 
tubercles would resemble the surrounding sediment; adaptive mimicry would have 
allowed the trilobite to blend in with the substrate, thus ensuring it was less obvious 
to predators (Brezinski, 1988). However, many tuberculate trilobites are not found in 
coarse substrate, so unless they were consistently washed in from elsewhere where a 
coarser substrate was prevalent, it is likely that tuberculation served a variety of 
purposes. 
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2.4.6 Other sensory cuticular structures 
Cell polygons 
The small scale surface reticulations frequently noted on trilobites have been
 
interpreted as cell polygons, analogous to the patterns observed on the sub-su
rface of 
extant decapod crustaceans (Dalingwater, 1973; Miller, 1975, Wilmot, 1990a
). In 
crabs, the polygons represent the surface expression of epidermal cells which
 
generated the cuticle and surface reticulation also corresponds to the bounda
ries of 
underlying epidermal cells of ostracodes (Okada, 1981 , 1982), so it is likely 
that this 
was also true of trilobites. Cell polygons have been identified in most stages
 of the 
trilobite lifecycle, and appear to remain constant in size through ontogeny 
(approximately 5J..1.m diameter in proetide trilobites), the total number increas
ing 
during growth (Wilmot, 1990b ). Additionally, the network of ridges they cr
eated 
would have imparted additional strength to the exoskeleton, which may have
 been 
particularly important for trilobites with thin cuticles (Wilmot, 1990a, 1990c
). 
Examples of reticulate sculpture and cell polygons are shown in figures 2.18
 and 
2.19. In figure 2.19 the pygidium of a juvenile Paladin eakringensis, probab
ly a 
stage one meraspis, is seen. Terrace lines are absent, as noted by Miller (197
5) in the 
stage one meraspis of Paladin eichwaldi shunnerensis. 
Figure 2.18: Reticulate sculpture on 
Homognostus sp .. 
Figure 2.19: Paladin eakringensis, probably a 
stage one meraspis. 
Occipital pustules and glabellar "tubercles" 
According to Wilmot (1991 ), in the Proetidae the occipital pustule is a dome
d 
structure (Miller, 1976) in which the cuticle thickness is reduced on the parie
tal 
-25-
surface until only the prismatic layer remains. As Wilmot noted, the internal 
organisation of this structure resembles that of the glabellar "tubercle" in Nileus, 
which is suggested to have been a light sensitive organ on the basis of its position 
and internal structure (Fortey and Clarkson, 1976). A photoreceptor in such a highly 
elevated location would have been appropriately positioned to extend the range of 
visual information available to the trilobite (Wilmot, 1991 ). F ortey and Clarkson 
(1976) reported that light could have been directed through the c-axes of the calcite 
crystals in the prismatic layer onto the cavities below. Sensory neurons within the 
pits, stimulated by the light rays, would have transmitted information to the central 
nervous system. Tests have indicated that many crustaceans exhibit a general dermal 
light sensitivity after their compound eyes have been covered or removed, and it is 
therefore possible that "blind" trilobites could monitor changes in light intensity. A 
modern analogue for the median glabellar tubercle was discussed by Barrientos and 
Laverack (1986), in the form of a larval dorsal organ. No definite function was 
ascribed to the organ but it is a sensory-glandular complex, and it was hypothesised 
that this was the case in trilobites, thus rejecting the suggestion of a median eye 
tubercle in trilobites. 
Spines 
Spines are "tubular extensions of the whole cuticle thickness" (Miller, 1976, p. 344). 
The macro spines (e.g. genal, rostral and pygidial spines) are known from many 
trilobites. According to Miller (1976), microspines are much shorter, roughly 
conical and can have a terminal canal and perforation. These may have had a 
sensory function, and those of conical type may have strengthened the exoskeleton. 
Fine spines of tiny trilobite protaspides were assumed to have been significant in 
movement, buoyancy and sensory perception (Speyer and Chatterton, 1989). 
Macrospines had many functions, including moulting and burrowing aids (Ingham, 
1968) and body support (Clarkson, 1969). Additionally, many macro spines bear 
different cuticular structures, such as pits and granules, which had presumed sensory 
functions. As Miller (197 6) pointed out, the large surface of such spines would have 
formed an important sensory array away from the trilobite body, creating an early 
warning system. 
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Ventral sensory receptors 
It is believed that in addition to the dorsal structures described above, 
and the 
trilobite eye, the trilobite animal gained environmental information v
ia receptors on 
the ventral surface (Wilmot, l990a). In support of this hypothesis, m
any setae, 
bristles and other possible sense organs have been described from the
 appendages 
and ventral membranes of Agnostus pisiformis (MUller and Walossek
, 1987). 
Granulation on the inner (visceral) surface of the doublure is not unk
nown, having 
been occasionally figured, for example by Whittington (1965; pl. 46,
 fig. 1 O) in 
1/laenus fraternus , and in the scanning electron micrograph below (fi
gure 2.20); the 
structures preserved are used to infer that the ventral surface of this t
rilobite may 
have had a sensory function. Similar structures are shown in figure 2
. 14. 
Figure 2.20: Etched pygidial doublure of Paladin eichwaldi shunner
ensis showing pitting on the 
external ventral surface of the doublure, preserved as a mould on th
e matrix. 
2.5 Terrace ridges: functional hypotheses & modern day 
analogues 
2.5.1 Introduction 
Terrace ridges on trilobites have been figured (and latterly described
) in the literature 
since the very first trilobite (Ogygiocare/la debuchii, at the time desc
ribed as a 
flatfish) was recorded in a scientific journal by Lhwyd in 1698, with 
the terrace 
ridges visibly marked on the drawing. The function of trilobite terra
ce ridges 
remains enigmatic, and a lthough several theories have been proposed
 for their 
function, they have been subjected to relatively few detailed studies. 
These studies, 
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in particular those by Miller ( 197 5), Stitt ( 197 6) and Schmal fuss ( 1981 ), are 
considered below. As well as examining the literature on the subject, terrace ridges 
(and other cuticular structures) were examined using the scanning electron 
microscope, as described in section 2.3, in order to evaluate the various suggestions 
of their function during the course of this study. 
The function of trilobite terrace ridges has long been debated. As Miller (1975) 
observed, the relationships between terrace ridge distribution and the orientation of 
the exoskeleton surface, as well as the differing extents of development in some taxa 
and the total absence in others, suggest some adaptational significance. Schmalfuss 
observed that the asymmetry of the terrace ridges and their presence on just the 
external surfaces of the cuticle imply that they serve a mechanical function as an 
adaptation to environmental factors (1978a, p. 34) and suggested that the primary 
selection pressure for the evolution of these structures was the ecological setting of 
the organism. 
Terrace ridges occur in organisms that grow either by moulting (Arthropoda) or 
marginal accretion (for example Mollusca, Brachiopoda). Whilst they are similar, 
these patterns are produced by significantly different morphogenetic programs 
(Savazzi, 2003a) and their similarity is attributed to convergence (Savazzi, 1994; 
Seilacher, 1973). 
Many authors, including Stitt (1976), Schmalfuss (1978b, 1981), Seilacher (1985) 
and Sazazzi et al. (1982) reasoned that trilobite terrace ridges were involved in 
burrowing and gripping sediment, as they are in modem decapod Crustacea 
(Seilacher, 1961, 1973; Schmalfuss, 1978a, b, 1981; Savazzi, 1981, 1982, 1983, 
1985b; Savazzi et al., 1982), bivalves (Stanley, 1969, 1970, 1981; Seilacher, 1973, 
1984; Savazzi, 1985a), gastropods (Signor 1980, 1982; Jefferies et al. 1981; Savazzi 
eta/. 1982; Savazzi 1989), lingulid brachiopods (Seilacher, 1973; Savazzi, 1986, 
1991; Mergl, 1996, 1997) and mitrates (Jefferies and Lewis 1978; Jefferies et al. 
1981; Jefferies, 1984; Savazzi et al. 1982). In all these examples terrace ridges are 
used in various types of frictionary interaction with the substrate, and various 
examples, particularly within the Crustacea will now be explored. 
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2.5.2 Terrace ridges in other animal groups 
Terrace ridges are widely utilised by burrowers in loose substrate, by providing a low 
friction in the burrowing direction, and a higher friction in the opposite direction. 
From these observations it can be assumed that cuticular terraces in arthropods 
always function as a frictional resistance in interaction with a solid or loose substrate 
(Schmal fuss, 1978b ). According to Schmal fuss, burrowers increase burrowing 
efficiency by preventing back-slippage in the backwards direction. This is achieved 
by the orientation of terrace ridges perpendicular to the burrowing direction, with the 
steep sides of the ridges directed away from this burrowing direction (Seilacher, 
1973, 1985). There is a frequent, but not constant, association between a burrowing 
function and an "allometric densing" (Seilacher, 1973, p. 458) growth pattern in 
terrace ridges (Savazzi, 1981 ), which means that terrace ridges in these forms tend to 
remain equally sized and spaced, increasing in number as the organism grows to 
maintain the spacing. Often this is achieved by the secondary introduction of new 
terrace ridges among existing ones during growth, for example in Emerita, the mole 
crab (Seilacher, 1973; Schmalfuss 1978a). There are, however, some burrowing 
forms in which allometric densing is not observed, e.g. Lophoranina (Savazzi, 1981 ). 
In these cases Savazzi established that the profile and relative height of the terrace 
ridges are modified during growth instead, in order to achieve maximum efficiency. 
A further, common, adaptation to the burrowing habit is perimeter smoothing 
(Seilacher, 1973), where the terrace ridge sculpture is made smoother where the body 
is widest in cross-section, as is found for example in Emerita talpoida (Seilacher, 
1973), although this was not observed in Emerita rathbunae (Schmalfuss, 1978a). 
In non-burrowing forms, e.g. marine (and some subaerial) crevice- and burrow-
dwelling de co pod crustaceans, the increased (asymmetrical) friction provided by 
terrace ridges prevents the organism from being dislodged by predators or 
competitors (Schmal fuss, 1978a; Savazzi, 1985b ). These anchoring terrace ridges 
are oriented to provide maximal friction in the direction towards the mouth of the 
crevice or burrow. Terrace ridge patterns in these forms tend to grow isometrically 
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and the number of terrace ridges remains constant through ontogeny. Examples of 
this type of terrace ridge patterning are seen in Grapsus, Geograpsus and Galathea 
(Schmalfuss, 1978a) and in some terrestrial brachyuruan decapods, e.g. Gecarcinus, 
the land crab, and Ocypode (Savazzi, 1985b ), which wedge themselves in their 
burrows to escape extraction by predators. 
Savazzi (1982) described assymmetrical tubercles in the Recent brachyuran decapods 
Carcinus maenas and Ilia nucleus. These tubercles are used in burrowing and also 
function as mechanical strengtheners. According to Savazzi (1982), in the 
Decapoda, terraced sculpture patterns grade from simple tubercles to specialised 
burrowing terraces, varying even across the carapace of an individual. Tubercles are 
observed to grade into terraces, for example in the posterior region of the carapace of 
Corystes cassivelaunus (Savazzi, 1982, figs. 8F, G) in very similar ways to those in 
trilobites (see section 2.4.3). 
Many studies have demonstrated the utility of terrace ridges in bivalve burrowing 
habits, a selection of which were listed above. A recent study by Ubukata (2005) 
described terrace ridges in several bivalves which, in accordance with the burrowing 
paradigm, reduce friction in the burrowing direction and provide high friction in the 
opposite direction to avoid backward slippage (Stanley 1969; Seilacher 1973; 
Savazzi 2003 ). According to Ubukata, differences in distribution between 
Divaricella-type and Solecurtus-type terrace ridges seem to reflect differences in 
burrowing behavior among species. 
Burrowing sculptures also occur in the Gastropoda but they are not as common as in 
the bivalve molluscs and brachyuruan and anomuran crustaceans (Savazzi, 1989). 
However, there is a faithful association between terrace ridges (also known as ratchet 
sculpture) and active burrowing habit amongst gastropods (Signor, 1993). 
A further group in which terrace ridges are found, in both extant and fossil forms, are 
the brachiopods. Savazzi (2003a) recently used the study of terrace ridges in modem 
brachiopods to reconstruct the burrowing behaviour in fossil forms. In the case of 
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Lingula, he observed that its burrowing mechanism has not changed since the 
Palaeozoic. From the orientation of the terrace ridges in obolids (illustrated in 
Mergl, 1997), Savazzi reconstructed a diffferent burrowing mechanism within this 
(fossil) group. 
Similar terrace ridge sculptures, utilised in burrowing and sediment gripping are also 
seen in highly diverse groups, both fossil and extant, for example in Ophisaurus 
apodus, the European Legless Lizard (Frey, 1982). Jefferies and Lewis (1978) and 
then Jefferies (1984) used similar structures in Placocystites (a mitrate calcichordate) 
to help reconstruct its backwards locomotion. The function ofhelens (curvi-linear 
structures that protruded from the conch) in hyoliths is controversial. Marek eta!. 
(1997, figures 2.11 and 2.12), featured images of helens bearing a surface sculpture 
which appears to resemble that of trilobite terrace ridges, although on a finer scale. 
Marek eta!. suggested that the helens helped to stabilise the conch on the sea floor, 
and it is possible that the ridges here provided a frictional advantage. Terrace ridges 
were even recently figured in Palaeozoic millipedes (Wilson, 2005). 
As Savazzi (2003b) observed (p. 380), "there are no studies of terrace ridges with 
other functions, nor of terrace ridges occurring in typically freshwater or terrestrial 
groups such as insects". He therefore investigated the raptorial appendages of 
predatory stomatopod Crustaceans and mantodean insects and established that terrace 
ridges in both these groups have a frictional function, helping to grip and manipulate 
prey. 
Terrace ridges are even used in similar ways in technological applications, for 
example cross-country skis, in which they prevent back-slippage without hindering 
forward movement. Equally, terraced nails are easy to nail in to wood, but hard to 
pull out. 
2.5.3 Main trilobite terrace ridge function hypotheses 
In exploring the possibility that trilobite terrace ridges were utilised in burrowing, 
Seilacher (1985) outlined the criteria required for reducing back slippage in 
burrowing sculptures. These were introduced above but, in summary, he stated that 
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these sculptures should be asymmetrical or ratcheted (with the gentle slopes in the 
direction of burrowing), be aligned perpendicular to the back-slippage producing 
force and have a height approximately 2/3 of the ambient grain size. He concluded 
that dorsal terrace ridges fit the burrowing paradigm, running transversely across the 
trilobite with the steep slopes facing backwards (Schmal fuss, 1981 ). 
The special case of the proposed backwards burrowing in Stenopilus (Stitt, 1976) 
was also explained to fit this functional scheme. According to Stitt (1976), 
Stenopilus has dorsal terrace ridges which are directed frontally and medially, and 
would have provided frictional resistance in a backwards burrowing scenario. It was 
inferred that minimum resistance on entry was encountered because the transverse 
ridges faced the direction in which the animal was burrowing, and the steep faces on 
the ridges provided friction against the sand. This helped to keep the carapace from 
sliding back out as the trilobite continued to burrow. 
Fortey and Owens (1999a) concurred that the strong terrace ridges on the cephalic 
doublure of all suggested backwards burrowing trilobites (including Stenopilus (Stitt, 
1976), Symphysurus (Fortey, 1986), Panderia (Bergstrom, 1973) and Bumastoides 
(Westrop, 1983 ), which all had their scarp slopes facing forwards, may have gripped 
and held the sediment in order to maintain position. Backwards burrowing is also 
supported by some trilobite burrows (Bergstrom, 1976). However, Whittington 
(2005) recently challenged the burrow-dwelling mode of life proposed for 
Stenopilus, and suggested a vagrant benthic mode of life instead, in which there 
would have been no requirement for the unusually oriented terrace ridges. 
Miller (1975) suggested instead that terrace ridges performed a current monitoring 
function: he described rows of angled setae (microtrichs) along ridges which 
detected changes in flow direction and speed. He cited analogies in the form of 
modified setae, such as are found in the hair peg organs of Homarus (Laverack, 
1962) and hair pit receptors of crayfish Procamburus (Mellon, 1963). 
According to Miller ( 197 5), features consistently associated with the terrace ridges 
are canals which open tangentially into pits below the ridge crests and accessory 
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canals on dip slopes. He suggested that this terrace system may have offered a 
convenient method of detecting both flow directions and changes in flow velocities. 
As he explained (p. 176), "such changes would involve "waves" of terrace microtrich 
stimulation along successive ridge crests along the direction of flow". The zones of 
parallel terraces are situated mainly on or close to the exoskeletal borders. Modem 
aquatic arthropods have similar marginal early warning sensillae, although these 
current monitoring setae are not associated with terraces (Schmal fuss, 1981 ). The 
terrace ridge system was thus seen by Miller (1975, p. 176) as "a convenient method 
of ensuring simultaneous stimulation of a linear series of current transducers, which 
in trilobites may have been used as a detector for changes in current speed". 
Thus, Miller (1975, p. 177) concluded that these features relate to "hydrodynamic 
conditions within the laminar boundary set up whenever water moved over the 
exoskeleton, with rows of angled microtichs for detecting changes in direction and 
speed of water movements. This system, especially where well developed on the 
dorsal surface as well as the doublure, would have potentially been of great 
flexibility, capable of supplying detailed information about external flow conditions, 
the animal's movements and its feeding-respiratory currents". As discussed below, 
Miller's assessment of the thickness of the boundary layer is probably flawed and 
many other criticisms have been levelled at this theory. 
In particular, Schmalfuss (1981, p. 338) was very critical of Miller's current 
monitoring system model, pointing out that there was no functional reason for the 
current monitoring setae to be hidden behind the steep face of a terrace and arguing 
that the measuring capabilities of the system would actually have been impaired. He 
did not believe that the current monitoring hypothesis accounted for the particular 
terrace ridge patterns or the consistent differences between dorsal and ventral terrace 
ridge patterns, or the fact that many of the terraced surfaces would have been in 
direct contact with the soft substrate, or indeed why some trilobites possessed this 
current monitoring system and others did not. 
Schmal fuss ( 1978b, 1981) suggested that another functional explanation is required 
for the ventral terrace ridges on the doublure of trilobites. As stated above, the sub-
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marginal doublural ridges (and those of the hypostome) are ratcheted against the 
burrowing direction, with their steep slopes facing outwards. Schmalfuss extended 
the frictional interaction paradigm by suggesting that the terraced doublures gripped 
the sediment during the creation of a feeding chamber beneath the trilobite, helping 
the trilobite to maintain its position and acting as a prop to stop the sediment sliding 
into the feeding chamber and thus rendering filtering activities impossible. This was 
demonstrated by close analogy with the isopod Mesidotea, which Schmalfuss (1981) 
claimed is "a nearly perfect trilobite" (p. 339). According to Schmalfuss' laboratory 
observations, Mesidotea digs aU-shaped burrow, arriving at a position where only 
the front of the head and the tip of the telson are in contact with open water. By 
movements of the abdominal appendages a backwards stream of water is created 
along the ventral side of the animal, from which suspended particles are caught by 
the filters. 
The hypotheses of Miller and Schmalfuss have each received some criticism and the 
function of terrace ridges remains controversial. In criticism of Schmalfuss' filter 
chamber feeding hypothesis, Fortey (1985, 1986) reasoned that in many taxa, the 
doublure is so broad (e.g. in asaphids it approaches the pygidial axis very closely) 
and reflexed back against the dorsal exoskeleton that it would be impossible for both 
the terrace ridges to be in contact with the sediment and for the pygidial appendages 
to operate, presenting evidence of appendage activity under the pygidial cavity (see 
figure 2.21 ). He also pointed out that the terrace ridges found on the anterior 
cephalic doublure of pelagic forms such as Pricyclopyge (Fortey, 1985, fig, 1 0) could 
not have been involved with gripping the sediment without fouling the large 
hypertrophied eyes. He concluded that Schmalfuss' explanation works best for 
benthic trilobites with a uniformly wide doublure around the perimeter, and 
suggested that this feeding chamber hypothesis would only work for trilobites such 
as the ptychoparioids or proetides (Fortey, 1985 p. 229). Equally, evidence 
supporting Miller's current monitoring hypothesis (1975) relies upon the presence of 
pits consistently associated with the terrace ridges, and is not convincing (Osm6lska 
1975; Schmalfuss 1981). Extensive scanning ele · 
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the same subspecies, from the same locality, in which Miller (1975) claimed 
evidence for accessory canals has provided no support for this hypothesis. 




Figure 2.21: (a) Function ofterrace ridges on trilobite doublure. Ridges are supposed to grip the 
sediment while feeding chamber is formed on the venter. (b) Section through forward part of 
pygidium of trilobite such as asaphid with wide doublure. Terrace ridges cannot function to grip 
sediment if appendages are to operate. (from Fortey, 1985) 
F ortey ( 1986) undertook a detailed study of the terrace ridges found on various 
different parts of the cuticle of Symphysurus, concluding that only some of them 
could have functioned in direct engagement with the sediment. He presented 
convincing evidence that the terrace ridges on the petaloid facets of the thoracic 
pleurae and the opposing doublure would have engaged in a criss-cross arrangement 
during enrolment, thus allowing a low level of respiration whilst enrolled, citing 
evidence of similar behaviour in the marine isopod Dynamene (p. 265). He also 
noted that, whilst enrolled, the engagement of parallel sets of terrace ridges on the 
cephalic doublure with finer ones on the pygidial doublure probably served to 
enhance coaptation, by resisting sliding or twisting (p. 271 ), and that long terrace 
ridges on the petaloid facets, perhaps bearing setae, may have been involved with 
monitoring the state of enrolment. As he pointed out, living malacostracons 
commonly bear setae between tergites which are involved in assessing their relative 
disposition (proprioceptive structures), and cited evidence for setal canals associated 
with trilobite terrace ridges, as demonstrated in thin sections by Osm6lska (1975) and 
Miller (1975). 
Additonally, Fortey (1986) noted that terrace ridges on the very front of the dorsal 
cephalic surface and the middle body of the hypos tome were correctly positioned to 
stabilise the front edge of the burrow of Symphysurus. As explained above, 
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Symphysurus is suggested to have burrowed backwards. F ortey observed that these 
terrace ridges, with forward facing steep slopes, were orientated correctly to ease 
passage through backwards burial, and then maintain the burrow once emplaced. 
Fortey (1986) determined that dorsal cephalic terrace ridges and those on the thoracic 
rings would not have engaged with sediment in the inferred burial position for 
Symphysurus, and would not have been involved with enrolment. He suggested that 
Miller's (1975) suggestion of a current monitoring apparatus may be applicable to 
the terrace ridges in this scenario, although acknowledged that there was no way of 
independently testing that hypothesis. 
Fortey (1986) thus concluded that terrace ridges were able to perform several 
different functions in the life of the trilobite, reiterating that engagement with the 
sediment only explained certain aspects of terrace ridge distribution. Whilst he listed 
several other possible explanations of (dorsal) terrace ridge function (p. 272), such as 
camouflage, sexual recognition and protection against epifaunal settling, he 
acknowledged that there was no real way of deciding between the various functions, 
or a combination of effects, and left their function as an open question. 
More recently a study of Paralejurus carlsi by Schraut and Feist (2004) reopened the 
suggestions put forward by Miller ( 197 5) and Schmal fuss ( 1981) and again 
suggested that both these competing models may apply. They described dorsal 
terrace ridges, (with the steep slopes posteriorly, obliquely, or adaxially directed), 
associated with rows of pits paralleling the base of the steep slopes, and concentric 
doublural terrace ridges, with steep slopes facing outwards and displaying no visible 
pits. In interpreting these observations, they reported that the current monitoring 
system (Miller, 1975) satisfactorily explained the apparent relationship between 
ridges and associated rows of pits on the dorsal surface. They also noted that the 
absence of such pits on the ventral side (and the orientation of scarp slopes) favoured 
Schmal fuss' ( 1981) interpretation of a mechanical function to stabilise the substrate. 
Additionally they reported that the forward facing steep slopes on the ventral parts of 
the anterior cephalon may have provided frictional assistance in backwards 
burrowing into the substrate (Stitt, 1976; Fortey, 1986). 
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Additionally, Whittington ( 1997) described minute granules along the scarp slope of 
Cybantyx which he suggested may be traces of canals that would originally have 
contained sensory hairs, just as Miller proposed (1975). He considered that their 
position and strength were consistent with their having had a sensory function. He 
postulated that the terrace ridges on the pleural facets bore setae, possibly having a 
proprioceptive role. He also maintained that the peripheral ridges of the cephal on, 
pleurae, and pygidium would have monitored closure at complete enrollment. He 
favoured Miller's sensory function for these ridges over Fortey's (1986) suggestion 
that the criss-cross orientated pleural terrace ridges may have enabled a low level of 
respiration whilst enrolled, questioning whether any pumping action to promote the 
circulation of oxygenated water was possible. 
2.5.4 Strengthening function 
Wilmot ( 1990c) noted that terrace ridges would have strengthened the exoskeleton 
by increasing the cuticle thickness where strains were greatest. Terrace ridges are 
developed to varying degrees in closely related trilobites with the same cuticle 
thinkness, and it may be that ecological inferences could be made from the presence 
of strongly developed terrace ridges, identifying niches where a strengthened cuticle 
would have been required, such as a higher energy environment, or a predatory 
lifestyle. In portunid (swimming) crabs the longitudinally running ridges on their 
chelae are stated to provide strength whilst economising on weight (Warner, 1977). 
However, Schmalfuss (1978a) stated that terrace ridges in Decapoda do not have a 
strengthening function as the height is generally only one fifth of the total cuticle 
thickness (p. 34), also noting that terrace ridge asymmetry confers no strengthening 
advantage. 
2.5.5 Hydrodynamic function 
Following on from Fortey's (1985) experimental work on streamlining in pelagic 
trilobites, he described (at the Third International Conference on Trilobites and their 
Relatives, Oxford, 2001) hydrodynamic experiments carried out using scale models 
of Eobronteus which suggested that dorsal terrace ridges on pelagic trilobites helped 
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to reduce drag at relatively high speeds. Although these observations are not yet 
published, and Engineering MSc student investigations on this subject have produced 
equivocal results (Fortey, pers. comm., 2000, Wojcik, pers. comm., 2004), Fortey 
suggested that terrace ridges may have reduced drag at the boundary layer by 
between 3 and 10%, and presented the case of rib lets (Reif, 1978) in very fast 
swimming sharks (maximum speed approximately 20 rn/s (Reif and Dinkelacker, 
1982, p. 184 ), as a modern analogue. Reif ( 1978) reported that these shark scales 
optimise the boundary layer in order to improve swimming velocities. The scales 
form a pattern of longitudinal grooves which are thought to reduce drag by 
influencing the viscous sublayer of the boundary layer but the process is not fully 
understood (Reif and Dinkelacker, 1982, p. 186). Whether this analogue is at all 
appropriate in the much smaller, slower trilobites seems very questionable. 
As reported at the Third International Conference on Trilobites and their Relatives, 
(Oxford, 2001), Fortey's hydrodynamic models were tested with and without terrace 
ridges, and those with ridges did seem to have a lower overall drag, which he 
reported as being optimised for fluid flows exceeding 8cm per second. He suggested 
that experiments at higher speeds or with greater turbulence conditions might 
produce significant results. However, he also acknowledged that his models were 
possibly incorrect as the terrace ridges were scaled up at the same rate as the model, 
which may have produced misleading results. 
At the range of Reynolds' numbers (see Miller, 1975 for a full account of Reynolds' 
numbers applied to trilobite terrace ridges) that are typically applied to trilobites 
(approximately 500 by analogy with large copepods, pers. comm. Geoff Boxshall, 
2004; corroborated by pers. comm. David Hardwick, 2004), the effect of terrace 
ridges would appear to have been minimal, and in no way analogous to the scale 
structures in sharks. At such low Reynolds' numbers the boundary layer is thick and 
a laminar flow regime would have been experienced over the surface of the trilobite 
(Miller, 197 5). Turbulent flow would typically have been experienced at the trilobite 
surface at Reynolds' numbers above 2000, where ridges might have had the effect of 
reducing drag, but there is little support for such high Reynolds' number estimates 
for small, relatively slow-moving animals as trilobites, even in the highly streamlined 
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forms, as described by F ortey ( 1985). If the estimate of low Reynolds' numbers is 
correct, to penetrate the boundary layer and disrupt turbulent flow in such a way as to 
significantly reduce drag would almost certainly require very much stronger ridges 
on the surface than are usually found in trilobites. Whilst uncorroborated 
(misreferenced) statements suggesting that similar ridges may reduce frictional drag 
and turbulent flow over the exoskeleton in swimming (portunid) crabs were found in 
the literature, even at the higher energy environments (and therefore higher 
Reynolds' numbers) that these crabs may occupy it seems unlikely that they would 
confer much of a hydrodynamic advantage. Clearly it is the local value of the 
Reynolds' number that is of most significance but determining its value is 
challenging especially when dealing with a complex shape like a trilobite. 
However, Dr. Andrew Wojcik (pers. comm., 2004) suggested that Reynolds' 
numbers into the 1 OOOs could be potentially justified, contrary to all other 
suggestions. Reynolds' numbers exceeding 10,000 were used in the studies presented 
by Fortey at the Third International Conference on Trilobites and their Relatives, 
Oxford (2001). Wojcik explained that transitions from laminar to turbulent flow 
could well be generated along the length of the triolobite, should their Reynolds' 
numbers approach this magnitude. Even on smooth trilobites, these transitions 
would have a significant effect on the drag coefficient, irrespective of the presence of 
terrace ridges. An additional mechanism having a large effect on drag coefficient 
reduction is that of boundary layer separation, which Wojcik described as "tripping" 
the boundary layer into turbulent flow, thus reducing separation effects. He 
described comparable effects that shark riblets appear to have on boundary layer 
separation, reducing drag in turbulent, and possibly even laminar, flow conditions. 
The argument for trilobites experiencing turbulent flow across even parts of their 
surfaces rests on the justification of higher Reynolds' numbers. If further work 
supports this, then the argument for terrace ridges playing a contributory part towards 
the generation of a range of drag reducing mechanisms will be strengthened. 
There are several reasons why a reduction in drag coefficient may have been 
advantageous in trilobites. If it is accepted that some trilobites swam reasonably 
quickly (as demonstrated by Fortey, 1985) then it might be expected that torpedo 
-39-
shaped trilobites, for example Degamella, possessed many dorsal terrace ridges, 
whereas the more sluggish forms (such as Cyclopyge) did not, but this is evidently 
not the case (Fortey, 1985). Wojcik hypothesised that even the slow swimmers 
would need low drag coefficients to aid stability in the water, reducing the likelihood 
of being tipped over or carried off by stray currents. 
In summary, the results of hydrodynamic investigations for trilobite terrace ridges 
are presently inconclusive, partly because of the disparity in estimates regarding the 
calculation of the value of the Reynolds' number for trilobites. Clearly a great deal 
of further experimental work is required. 
2.5.6 Social behaviour or species recognition function 
Fortey and Owens (1999a, p. 543) observed that sculptural types appear to be 
consistent within species, which suggests that they had a particular value to that 
animal. They acknowledged that what this value was is not obvious but noted that 
"species-specific, surficial characters, are often those concerned with species 
recognition in animals having good sight". Accordingly, they suggested that 
distinctive sculptural patterns, such as terrace ridges, "may have helped a trilobite 
with the identification of its potential mates, rivals or group" (p. 543). 
Wilmot (1991) demonstrated species specificity of trilobite cuticular microstructure 
in four broadly similar proetides, utilising the sensory field mapping technique 
developed by Miller (1976) for the study of distribution of various dorsal structures, 
on Phacops rana, which he inferred to be sensory. Wilmot (1991) noted that some 
Recent crustaceans have pore pattern species specificity e.g. Eucalanus, as reported 
by Fleminger (1973). Whilst Wilmot (1991) recognised that species specificity may 
well be an indication of separate ecological niches, her observations did tentatively 
lend support to the possibility that species recognition, utilising contrasts in cuticular 
surface features, including terrace ridges, may have been of value in trilobites. 
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2.5. 7 Other suggested terrace ridge functions 
A number of other functions and types of terrace ridges have been reported. Wilmot 
(1991) stated that Thomas (1978) described fine terrace ridges in articulating facets 
of Warburgella (W arburgel/a) stokesii, which may have acted as part of a ventilation 
system when the animal was enrolled, as suggested above for similar structures in 
Symphysurus (Fortey, 1986). 
Although Brezinski (1988) cited the example of tubercles as a potential 
camouflaging strategy, this theory can also be applied to trilobite terrace ridges. A 
further suggestion was that terrace ridges were involved in stridulation (Seilacher, 
1985). 
Nielsen (1995) observed that the density and strength of terrace ridges in closely 
related forms varied with environment, with deeper-water forms having a lower ridge 
density, the opposite of what might be expected if the ridges had a sediment gripping 
function. The overall pattern shape remained the same regardless of palaeo depth. 
He suggested (p. 67) that the ridges may have had a sediment catching function in 
connection with burrowing. 
As mentioned in section 2.4.3, terrace ridge separation is reported close to constant 
during ontogeny in trilobites, acquiring an optimum spacing fairly early in 
development ( cj Clarkson and Zhang, 1991 ). This was linked to both function 
(sediment/substrate gripping (Schmalfuss, 1978) and current monitoring (Miller, 
1975)) and genetic control (Miller, 1975). Meinhardt (1982) suggested that the 
repetitive sculptures (including terrace ridges) on arthropod cuticles reflect 
morphogenetic activator/inhibitor fields within the cuticle and recent work by 
Hammer (2000) investigating genetic controls attributed trilobite terrace ridge 
spacing to a lateral inhibition mechanism, where a signal from existing ridges 
prevents the construction of other ridges nearby. As mentioned in section 2.5.2, the 
implication of allometric densing (Seilacher, 1973) here is that the ridges were 
optimised for burrowing in loose substrates, rather than crevice dwelling where the 
number of terrace ridges is not seen to increase. 
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2.5.8 Relationship between terrace ridge size and substrate 
The height, density and shape of terrace ridges vary greatly among the Decapoda in 
any given sediment (Haj and Feldmann, 2002). Savazzi (1982b) determined that the 
height of the ridges is important; although any terrace ridges will still provide 
increased friction with the substrate. If the ridges are too shallow they grip less well 
and if they are too high a slip surface develops between the grains in the grooves and 
the surrounding substrate. According to Seilacher ( 1985), the frictional interaction is 
most effective where rib height is slightly greater than half the grain diameter, so that 
the grains are anchored such that they are able to exert friction with their protruding 
tips. He concluded that terrace ridges in trilobites are therefore designed for sandy or 
silty sediments. Haj and Feldmann (2002) noted that there is a general correlation 
between grain size and terrace ridge height in medium- and coarse-grained 
sediments. They noted that the interaction of terrace ridges in finer grained 
sediments has not been investigated in detail, but they would require very low relief. 
They suggested that the low relief fungiform structures on Cretacoranina punctata, a 
Cretaceous raninid crab, formed from a convolution of exocuticle, may have acted as 
pneumatic devices, pressing the cuticle against the substrate, preventing 
dislodgement by predators. Although these are not technically terrace ridges, on 
areas of the carapace these structures dip posteriorly, with a steep face facing 
anteriorly and a flat face posteriorly causing them to resemble terraces in cross 
section and the analogy may be appropriate. 
2.5.9 Summary 
In summary, it is most likely that terrace ridges performed different functions in 
different areas of the exoskeleton, but most roles involved some degree of frictional 
advantage. However, as Fortey (1986, p. 271) stated, "a simple and invariable 
relationship between terrace ridges and burrowing in sediment cannot be defended 
given the situation of the terrace ridges and the constraints imposed by the 
exoskeleton". It is clearly still an area of much controversy. 
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3 Pilot Study: The use of extended eigenshape 
analysis in studying the variation in trilobite pygidial 
terrace ridge patterns 
3.1 Introduction 
In order to study the terrace ridge arrays of trilobites in more detail, various methods 
were explored. Initially, detailed examinations of the terrace ridge-bearing taxa held 
within the collections of the NHM were performed, with photographs and camera 
Iucida drawings being produced. Latex (using Revertex ©with a teepol separator) 
and silicone peels (using Coltene President©) were taken as records and in order to 
provide information about the ridge height and asymmetry. Further SEM 
investigation was also undertaken. These traditional methods demonstrated the great 
range of terrace ridge patterns across Class Trilobita and a more quantitative method, 
by which terrace ridge arrays could be compared with one another, ideally looking at 
ridge curvature, strength (=height) and density was sought. 
Initial attempts to quantify the terrace ridge pattern variation utilised a MicroScribe 
3DX © digitising wand, using an extra fine needle tip stylus. Experiments were 
conducted on the pygidial doublures of specimens of Ogygiocarella debuchii 
collected from Dynevor Home Farm (see section 2.2). 3D coordinate positions of the 
terrace ridges were recorded every 10° around the doublure, starting on the right side, 
from a horizontal line running along the anterior of the pygidium, identified as 0°. 
The pygidium was treated as a semicircle, resulting in up to 19 x,y,z coordinate 
positions from 0° to 180° being generated for each terrace ridge trace. This method 
was extremely slow, prone to error, especially in terms of maintaining the specimen 
position, and had the unacceptable side effect of damaging the specimen, as the metal 
stylus scraped along the ridge crests. Coordinate positions were also insufficiently 
accurate as the stylus tip was too big. This stylus was the finest grade produced by 
the manufacturer and although it would have been possible to construct a finer tip 
using a needle, by sticking it to the existing stylus andre-calibrating the digitiser, it 
was not felt that the efforts would be repaid by a successful technique being 
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developed. There were also concerns that delicate specimens would be damaged, 
even by a needle, and understandably this was unacceptable to the conservation staff 
at the NHM. 
3.2 Morphometric Pilot Study - Materials and Methods 
As a consequence of the problematic attempts outlined above, the potential for 
developing a 2D morphometric approach to compare the terrace ridge arrays was 
investigated, and a pilot study was undertaken on a small dataset, as outlined below. 
3.2.1 Pygidial doublure data set 
Twenty-two examples of trilobites from Order Asaphida were selected for study. 
The study concentrated on pygidial doublural terraces, as they are well preserved as 
moulds of the ventral surfaces, are relatively flat and are simple (in terms of form 
and course) and therefore most straightforward to measure and compare. As ventral 
terrace ridges are observed to run parallel to the margins, inheriting aspects of the 
overall shape of the pygidium, there were concerns that this study would merely 
prove that trilobite pygidial outlines vary. The decision was therefore taken to 
concentrate on closely related taxa in order to reduce the influence of major overall 
shape differences on terrace ridge variation, and maximise that variation within the 
terrace ridge arrays. It was also decided that the marginal shape would be considered 
as part of the analysis. 
Order Asaphida was highlighted as suitable for this study on the basis that it includes 
terrace ridge bearing trilobites displaying a range of life habits, some within genera, 
and the phylogeny of this order has been investigated quite recently (Fortey and 
Chatterton, 1988). The majority of data, in the form of photographs and tentative 
ecological interpretations were extracted from the ecophenotypic study on the 
Komstad limestone conducted by Nielsen (1995), although the cyclopygid data were 
collected from specimens within the collections at the Natural History Museum, 
London and from Fortey and Owens (1987) and Zhou Zhiyi et al. (1994). The 
original photographs from which the data was produced are shown in figures 3 .1.1-
3.1.4. As in all cases in this thesis (and the digital appendices), the copyright of the 
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photographs reproduced here for academic purposes remains with the original 
publication. These images must not be reproduced without the permission of the 
original publication. Scale information was not required with the images, as the 
morphometries procedure subsequently followed to analyse the terrace ridges is size-
independent. However, it is included here for the purposes of clarity and 
comparison. 
Figure 3.1. 1: A. Asaphus (Asaphus) acuminatus (from Nielsen, 1995, fig. 67H) x 1.2; B. Asaphus
 
(Asaphus) expansus (from Nielsen, 1995, fig. 61 C) x2; C. Asaphus (Asaphus) fa/lax (from Nielse
n, 
1995, fig. 620) x2.3; D. Asaphus {Asaphus) incertus (from Nielsen, 1995, fig. 74C) x2.4; E. Asa
phus 
(Asaphus) /epidurus (from Nielsen, 1995, fig. 638) x3 .3; F. Asaphus (Asaphus) striatus (from 
Nielsen, 1995, fig. 70G) x 1.5. 
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Figure 3.1.2: G. Gog explanatus (from Nielsen, 1995, fig. 142J) x 1.9; H. Megistaspis (Megistaspis) 
geminus (from Nielsen, 1995, fig. I 05E) x 1.5; I. Megistaspis (Megistaspis) lim bat a Type 5 (from 
Nielsen, 1995, fig. 91 A) x 1.65; J. Megistaspis (Megistaspis) limbata Type 9 (from Nielsen, 1995, fig. 
99B) xl.5; K. Megistaspis (Megistaspidella) cf. triangularis (from Nielsen, 1995, fig. 121C) x1.2; 
L. Microparia (Heterocyclopyge) abunda (from Zhou Zhiyi eta/., 1994, fig. 6a) x 12. 
-46-
Figure 3.1.3: M. Microparia (Microparia) teretis (from Fortey and Owens, 1987, fig. 49b) x6; 
N. Nileus armadillo (from Nielsen, 1995, fig. 149L) x 1.2; 0. Nileus depressus depressus (from 
Nielsen, 1995, fig. 182J) x4.3; P. Nileus depressus schranki (from Nielsen, 1995, fig. 1931) x5.2; Q. 
Nileus latifrons (from Nielsen, 1995, fig. 158F) x2.6; R. Nileus orbiculatoides (from Nielsen, 1995, 
fig. 1721) x2.8. 
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Figure 3.1.4: S. Niobe (Niobe// a) imparilimbata (from Nielsen, 1995, fig. 136H) x2. 1; T. Niobe 
(Niobe) /indstroemi (from Nielsen, 1995, fig. 132F) x3. 7; U. Niobe (Niobe// a) cf. plana (from 
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Figure 3.2 Phylogeny of the Asaphida (after Fortey & Chatterton, 1988) 
Table 3.1 shows the taxonomic and broad environmental and phylogenetic 
interpretations for the twenty-two trilobites selected. The taxonomy is after that 
given in the Treatise (Fortey in Kaesler, 1997), and in all cases the environmental 
assignment is interpreted from Nielsen (1995) except the Cyclopygidae which are 
widely accepted as mesopelagic (Fortey 1974, 1985). The broad phylogenetic 
interpretation is after that shown in text-figure 27 in Fortey & Chatterton (1988), 
reproduced here as figure 3.2, which shows the Nileidae and Cyclopygidae as 
separate advanced groups relative to the more primitive Asaphidae, although a sub-
family level phylogeny was not attempted. 
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Table 3.1: Pilot Study data set, classified according to taxonomy, environment (asterisks denote 
uncertainly in interpretation, discussed below) and broad phylogeny (the two relatively advanced 





Asaphus (Asaphus) acuminatus 
Asaphus (Asaphus) expansus 
Asaphus (Asaphus) fa/lax 
Asaphus (Asaphus) incertus 
Asaphus (Asaphus) lepidurus 
Asaphus (Asaphus) striatus 
Subfamily Isotelinae 
Megistaspis (Megistaspis) geminus 
Megistaspis (Megistaspis) lim bat a Type 5 
Megistaspis (Megistaspis) limbata Type 9 
Megistaspis (Megistaspidella) cf. triangularis 
Subfamily Niobinae 
Niobe (Niobella) imparilimbata 
Niobe (Niobe) lindstroemi 





Microparia (Heterocyclopyge) abunda 
Microparia (Microparia) teretis 
Family Nileidae 
Nileus armadillo 
Nileus depressus depressus 
Nileus depressus schranki 
Nileus latifrons 
Nileus orbiculatoides 




















































Crown Group t A 
Crown Group t A 
Crown Group t A 
Crown Group t B 
Crown Group t B 
Crown Group t B 
Crown Group t B 
Crown Group t B 
3.2.2 Method of terrace ridge abstraction 
In order to compare the range of terrace ridge patterns found in this data set, the 
pattern for each trilobite was summarised in the form of three corresponding curves. 
The curves abstracted from the scanned images are shown in figure 3.3. A further 
curve, recording the margin shape, was also produced and was used in the latter stage 
of this study (section 3.4) to normalise for margin shape, thus removing the influence 
of overall pygidial shape. The three generalised curves were produced as follows: 
The uppermost curve followed the terrace ridge that most closely approached the 
axial region, or where this ridge was not sufficiently continuous, the nearest ridge 
that continued distally to the margin. The middle curve summarised terrace ridge 
behaviour in the middle area of the doublure. The lowermost curve (other than the 
marginal curve, as described above) recorded the terrace ridge course around the 
margin. In order for like to be compared with like it was essential that corresponding 
curves were chosen for each trilobite and that the curves continued across the entire 
area under investigation. Due to limitations of the preservational state of the 
material, and for the sake of simplicity, the patterns were assumed to be bilaterally 
symmetrical (this is true to a reasonable tolerance, although bilateral asymmetry in 
trilobite terrace ridges is considered in section 5.2). The half displaying better 
preservation was used, and then reflected if necessary so that the same sides were 
compared. Occasional incidents of bifurcation and confluence were ignored for the 
purposes of this pilot study. Figure 3.3 diagrammatically shows this procedure for 
Nileus depressus schranki (from Nielsen, 1995, fig. 193I). The original image has 
been flipped and the contrast and brightness improved for clarity. 
Figure 3.3 Terrace ridge array abstraction procedure, according to heuristic, for Nileus depressus 
schranki (from Nielsen, 1995, Fig. 1931) x5.2. 
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The terrace ridge arrays produced for all the images in this pilot study (as shown in 
figures 3.1.1-3.1.4) are shown in figures 3.4.1-3.4.4. 
B 
c 
Figure 3.4.1: Terrace ridge arrays for: A. Asaphus (Asaphus) acuminatus (based on Nielsen, 1995, fig. 
67H). B. Asaphus (Asaphus) expansus (based on Nielsen, 1995, fig. 61 C). C. Asaphus (Asaphus) 
fa/lax (based on Nielsen, 1995, fig. 620). D. Asaphus (Asaphus) incertus (based on Nielsen, 1995, 
fig. 74C). E. Asaphus (Asaphus) lepidurus (based on Nielsen, 1995, fig. 638). F. Asaphus (Asaphus) 





Figure 3.4.2: Terrace ridge arrays for: G. Gog explanatus (based on Nielsen, 1995, fig. 142J). H. 
Megistaspis (Megistaspis) geminus (based on Nielsen, 1995, fig. 1 05E). I. Megistaspis (Megistaspis) 
limbata Type 5 (based on Nielsen, 1995, fig. 91A). J. Megistaspis (Megistaspis) limbata Type 9 
(based on Nielsen, 1995, fig. 998). K. Megistaspis (Megistaspidella) cf. triangularis (based on 
Nielsen, 1995, fig. 121C). L. Microparia (Heterocyclopyge) abunda (based on Zhou Zhiyi et al., 





Figure 3.4.3: Terrace ridge arrays for: M. Microparia (Microparia) teretis (based on Fortey and 
Owens, 1987, fig. 49b). N. Ni/eus armadillo (based on Nielsen, 1995, fig. 149L). 0. Nileus 
depressus depressus (based on Nielsen, 1995, fig. 182J). P. Nileus depressus schranki (based on 
Nielsen, 1995, fig. 1931). Q. Nileus latifrons (based on Nielsen, 1995, fig. 158F). R. Nileus 
orbiculatoides (based on Nielsen, 1995, fig. 172J). 
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s 
Figure 3.4.4: Terrace ridge arrays for: S. Niobe (Niobella) imparilimbata (based on Nielsen, 1995, fig. 
136H). T. Niobe (Niobe) lindstroemi (based on Nielsen, 1995, fig. 132F). U. Niobe (Niobella) cf. 
plana (based on Nielsen, 1995, fig. 138H). V. Prospectatrix genatenta (BMNH In26016). 
3.2.3 Digitisation of abstracted terrace ridge arrays 
Having produced the three terrace ridge traces and margin outlines, the curves were 
traced and recorded as Cartesian co-ordinate data files using BioScan Optimas 
Version 3.01 software (©BioScan Inc). A resolution of200 coordinate points per 
curve was used, resulting in 800 coordinate pairs for each specimen. The curves 
were traced from left to right, starting with the outermost curve and continuing 
inwards. Each curve was delimited by two terminal landmark points, thus enabling 
the curve sets to be concatenated (using Microsoft Excel macros) into one curve 
representing the data for each specimen, with landmark points recording the start and 
end points for each individual curve, (enabling corresponding parts of the curves to 
be compared in isolation). This is shown diagrammatically in figure 3.5. 
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Figure 3.5: Digitisation and concatenation procedure. A. The curves are converted into Cartesian 
(x,y) co-ordinates, using landmarks to identify the beginning and end of each curve. B. The four 
curves are then concatenated into one, delimited by landmarks (in red), for analysis. 
Graphs of the concatenated lines were then plotted to check for errors during the 
procedure. The graph produced at this stage for Asaphus (Asaphus) lepidurus (lines 
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Figure 3.6: Data curve for Asaphus (Asaphus) /epidurus {landmarks marked in red) 
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3.2.4 Extended eigenshape analysis procedure 
Extended (landmark-registered) eigenshape analysis (MacLeod, 1999) was then 
performed, using a suite of programs written by Dr Norman Macleod of the Natural 
History Museum, London, (available from: 
http://www.nhm.ac.uklhosted_sites/paleonet/fftp/ftp.html). Firstly, the original data 
set of Cartesian (x,y) coordinates was converted to the 0 (phi) form ofthe Zahn and 
Roskies ( 1972) shape function at a tolerance of 95%. Here net angular deviations 
between successive points are calculated as shown in figure 3.7: 
Figure 3.7: Diagrammatic representation of conversion from cartesian into angular co-ordinates 
This procedure algorithmically reduced the curves sets used in the analysis to the 
fewest number of points required to represent the entire complexity of the suite of 
curves (in this case 19 points in total: 6 points for the first curve, 5 for the second and 
8 for the third) to a tolerance of 95% (95% of the length of the original digitised 
curve)). The phi values were plotted against the coordinates as a line graph as shown 
in figure 3.8, to demonstrate the total shape variation in the 22 curves analysed, and 
allow shape functions at corresponding coordinates to be compared (e.g. the most 








Figure 3.8: Phi shape functions 
A size-independent singular value decomposition was then performed, 
decomposition in order to summarise the greatest proportion of the shape variation 
on the fewest number of independent axes. This analysis, which is introduced in 
Macleod (1999) produces eigenvalues (=eigenvectors) for each axis, vector lengths 
proportional to the amount of observed interspecimen variance represented by each 
axis), equations for the eigenvectors, ranked latent shape trends that account for 
principal modes of shape variation, describing the principal shape trends between the 
objects in the study and covariances (=eigenscores) of the original shapes with the 
shape trends represented on each eigenvector. The eigenscores (covariances) for the 
major axes were then plotted against each other in order to visualise the degrees of 
similarity and difference between the objects. The 22 specimens were coded 
taxonomically, phylogenetically and environmentally on these plots to establish if 
any of the structured variation on the scatter plots could be linked to these signals. 
Finally, models of shape variation for the major axes were calculated from the 
eigenvector equations and covariance coefficients for each axis, to aid in the 
visualisation and geometric interpretations of the shape variations represented by 
each axis. Five modelled shapes were produced for each axis, using the minimum 
and maximum covariances and three equally spaced values in between, which show 
the envelope of shape variation along each axis. 
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3.3 Results and Discussion 
Table 3.2 shows the eigenvalue scores for each axis which show the proportion of the 
total variance associated with each axis. 
Table 3.2: Eigenvalue Data for Pilot Study 
Eigenvectors Eigenvalues Total Variance (0/o) Cumulative Variance (
0/o) 
1 1.005 67.065 67.065 
2 0.292 19.460 86.525 
3 0.098 6.519 93.044 
4 0.029 1.954 94.999 
5 0.024 1.596 96.594 
6 0.018 1.229 97.823 
7 0.012 0.768 98.591 
8 0.006 0.428 99.020 
9 0.004 0.284 99.304 
10 0.003 0.202 99.505 
11 0.002 0.154 99.659 
12 0.002 0.136 99.796 
13 0.001 0.096 99.891 
14 0.001 0.059 99.950 
15 0.000 0.024 99.974 
16 0.000 0.018 99.992 
17 0.000 0.008 100.000 
These data show that 93% of the measured shape variation is accounted for by the 
first three eigenshape axes. According to Macleod ( 1999), the first eigenshape axis 
is a shape-similarity axis, and as the shapes used in this study are broadly similar, the 
relatively high eigenvalue for eigenshape axis 1 (ES-1) was expected. This 
eigenshape axis effectively describes the aspects of shape that are common to the 
sample. Subsequent eigenshape axes provide the residual shape trend once the 
preceding shape trends have been removed, with each eigenshape axis representing 
the greatest proportion of the remaining variation. These eigenshape axes will 
account for increasingly specialised variation, with eigenshape axis 2 (ES-2) being 
the primary disparity axis. The models and eigenshape space plots for the first three 
axes (accounting for 93% of the identified variation) are considered in the next 
section. 
-59-
3.3.1 Eigenshape Models for ES-1, ES-2 & ES-3 
Variability on ES-1 Variability on ES-2 Variability on ES-3 
\ 
... 
I I I I /~ .... .... 40'11 .ou~ .om .0114 .O.oot .0 001 · - ... .,. om .,.. 
Figure 3.9: Shape models for first three eigenshape axes, labelled by covariance coefficients and end 
member taxa for each axis (see text). The models show the three concatenated curves, plotted from 
top to bottom (starting closest to the margin) and the internal landmarks indicate the start and end 
points of each curve. 
The shape models (figure 3.9) for the first three eigenshape axes show the major 
trends in shape variation. It is important to bear in mind that these models are 
mathematical abstractions, empirical models constructed out of a subset of the 
information used to constrain the ordination; there may be regions within the 
modelled space that do not correspond to possible outlines. Each graph shows the 5 
shape models produced for the 5 different coordinate positions along each of the first 
three eigenshape axes, followed by their combination, which represents the envelope 
of all the shape variation for each axis. As stated above, ES-1 describes the more 
general shape changes. Here it can be seen that although the amplitude of the form 
varies on each of the three segments, the shape change is minimal. Segment 1 (the 
uppermost third of each plot) is represented by a smooth line with increasing 
curvature from the minimum to maximum (left to right). Segment 2 is skewed 
towards its starting point and the amplitude of the curve increases from minimum to 
maximum, its skew becoming more noticeable, at more distal positions along the 
axis. Segment 3 is similar to segment 2, except that the skewed proportion is shorter 
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and of smaller amplitude, and the area beyond the skewed proportion has almost no 
curvature. 
The disparity displayed by the shape model for ES-2 is more pronounced. Segment 1 
is fairly smooth, and the variation from the minimum to maximum (right to left on 
this axis) is shown by the trajectory of the curve. On the minimum (rightmost) 
model, the end point of the curve is located well away from the position directly 
below the starting point of the curve, but shifts towards this position across the 
models, such that the maximum model shows a curve where the end point is directly 
below the starting point. Segment 2 shows the most variation in the lower skewed 
proportion of the curve (closest to the pygidial margin) whose direction mirrors 
across the models, with almost no skewing in the middle model. This behaviour is 
broadly repeated in segment 3, although the skewed area constitutes a greater 
proportion of the curve, and the mirroring is not exact as a reverse curve at the 
beginning of the segment gradually becomes absorbed into the general curvature 
from the minimum to maximum models. 
The models for ES-3 (minimum to maximum models from left to right) show similar 
form but more subtle variation and lower amplitude than the models for the second 
axis. Segment 1 is very similar to segment 1 on the second axis, but the curvature is 
not as pronounced. The behaviour of segment 2 is again similar to that of its 
counterpart on the second axis model, but the lower skewed portion of the curve is 
not mirrored, resulting in a fairly simple curve that is similar in all 5 models. Finally, 
segment 3 is different from its counterpart on the second axis model in that the lower 
curved section is mirrored across the models. 
In order to interpret these models for each of the axes in terms of the terrace ridges it 
is helpful to rank the covariance scores of the original shapes with the shape trends 
represented on each eigenvector, and identify the taxa that are widely discriminated 
by each of the axes. This is shown in table 3.3. Figures 3.10 and 3.11 show this 
graphically using the eigenshape space plots for ES-1 versus ES-2 and ES-3 versus 
ES-2. 
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Table 3.3: Covariance scores, ranked for each eigenshape axis 
ES-1 ES-2 ES-3 
0.125 Niobe (Niobella) -0.233 Nileus orbiculatoides -0.114 Asaphus (Asaphus) acuminatus 
impari/imbata 
0.130 Ni/eus depressus schranki -0.228 Nileus depressus schranki -0.113 Asaphus (Asaphus) expansus 
0.136 Microparia (Microparia) -0.175 
teretis 
Nileus /atifrons -0.093 Asaphus (Asaphus) incertus 
0.139 Microparia (Heterocyclopyge) -0.139 Nileus armadillo -0.086 Asaphus (Asaphus) fa/lax 
abunda 
0.140 Megistaspis (Megistaspidel/a) -0.113 Asaphus (Asaphus)fallax -0.067 Asaphus (Asaphus) striatus 
cf. triangularis 
0.163 Niobe (Niobe) lindstroemi -0.113 Nileus depressus depressus -0.032 Megistaspis (Megistaspis) 
/imbata Type 9 
0.171 Nileus orbicu/atoides -0.095 Asaphus (Asaphus) striatus -0.023 Asaphus (Asaphus) lepidurus 
0.178 Niobe (Niobella) cf. plana -0.036 Asaphus (Asaphus) incertus 0.000 Nileus orbiculatoides 
0.180 Asaphus (Asaphus)fallax 0.005 Niobe (Niobella) imparilimbata 0.018 Nileus depressus schranki 
0.185 Ni/eus depressus depressus 0.005 Niobe (Niobe) /indstroemi 0.019 Megistaspis (Megistaspis) 
/imbata Type 5 
0.185 Ni/eus latifrons 0.009 Niobe (Niobe /Ia) cf. plana 0.023 Megistaspis (Megistaspidel/a) 
cf. triangularis 
0.209 Megistaspis (Megistaspis) 0.018 Megistaspis (Megistaspidella) 0.023 Microparia (Microparia) 
limbata Type 5 cf. triangularis teretis 
0.213 Asaphus (Asaphus) incertus 0.040 Gog explanatus 0.028 Gog explanatus 
0.221 Megistaspis (Megistaspis) 0.050 Asaphus (Asaphus) /epidurus 0.033 Ni/eus armadillo 
limbata Type 9 
0.239 Megistaspis (Megistaspis) 0.065 Asaphus (Asaphus) acuminatus 0.039 Megistaspis (Megistaspis) 
geminus gem in us 
0.245 Prospectatrix genatenta 0.067 Asaphus (Asaphus) expansus 0.042 Niobe (Niobe /Ia) cf. plana 
0.253 Nileus armadillo 0.067 Microparia (Microparia) teretis 0.076 Microparia (Heterocyclopyge) 
abunda 
0.260 Gog explanatus 0.076 Megistaspis (Megistaspis) 0.076 Ni/eus /atifrons 
/imbata Type 5 
0.268 Asaphus (Asaphus) striatus 0.093 Microparia (Heterocyclopyge) 0.076 Prospectatrix genatenta 
abunda 
0.281 Asaphus (Asaphus) 0.116 Megistaspis (Megistaspis) 0.079 Niobe (Niobella) 
acuminatus limbata Type 9 impari/imbata 
0.288 Asaphus (Asaphus) expansus 0.121 Megistaspis (Megistaspis) 0.092 Nileus depressus depressus 
geminus 


























































































































































































































































































































































































































































































































































































































































































































































































































































































In order to interpret the ES-1 model, it is helpful to return to the original terrace ridge 
patterns which are most widely discriminated by this axis, i.e. the end member taxa: 
Niobe (Niobella) imparilimbata and Asaphus (Asaphus) lepidurus. These are shown 
in figure 3 .12. 
ES-1 Niobe (Niobella) impari/imbata Asaphus (Asaphus) lepidurus 
ES-2 Ni/eus orbiculatoides 
Niobe lindstroemi 
Figure 3.12: End member taxa for ES-1, ES-2 and ES-3 
Although it is important to appreciate that ES-1 is a generalised similarity axis, 
accounting for only 67% of the shape variation, thus the curves will not be perfectly 
represented by these examples, it is possible to see some of the shape variation 
represented by the model. Ignoring the marginal line, which was not included in the 
analysis, it seems reasonable to conclude that the model for the second and third 
segments represents the variation seen in these examples, although the sigmoidal 
form of the first segment in the taxon Niobe (Niobella) imparilimbata is not 
described by the models of the first axis. This eigenshape axis therefore describes 
the tendency of the second segment to be skewed close to the axis to differing extents 
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and for the third segment to vary from a fairly straight line to one which is again 
skewed close to the axis. This is supported by examination of other taxa which have 
plotted out at the extremes of the axis (e.g. Nile us de pres sus schranki and Asaphus 
(Asaphus) expansus). 
In considering the end member taxa on ES-2, Nileus orbiculatoides and 
Prospectatrix genatenta, again it is possible to see some of the shape variation 
described by the models. Here the change in orientation of the first segment can be 
observed, as well as the trend to develop a slightly sigmoidal second segment, from a 
fairly smooth curve, across the models. Equally the mirroring of the third segment, 
but with slight skewing at the axial end of the line in one end member is 
demonstrated well by these models. 
For ES-3, some aspects of the variation in steepness and asymmetry of the first 
segment between the end member taxa (Asaphus (Asaphus) acuminatus and Niobe 
lindstroemi) are described by the models, although the slight change in direction very 
close to the margin in Asaphus (Asaphus) acuminatus is not shown in the models. 
The variation in smoothness of the curve in segment 2 approximates well to that 
shown in the end member taxa, although the change in amplitude of curvature of the 
end member taxa is not shown in the models. Again, some of the sigmoidal variation 
in the third segment of the end members is reflected in the models. 
It can therefore be concluded that the models show many aspects of the shape 
variation represented by each eigenshape axis, and these can be used in interpreting 
fairly broad trends in shape variation along the axes. 
3.3.2 Eigenshape space plots: grouped by taxonomy 
In order to investigate whether the terrace ridge variation could be interpreted as 
being controlled taxonomically, eigenshape space plots of ES-1 versus ES-2, ES-1 
versus ES-3 and ES-2 versus ES-3 were produced from the covariance scores, with 
the taxa categorised by each of these three potential signals, as shown in Table 3 .1. 
Figures 3.13, 3.14 and 3.15 show the eigenshape space plots for the data grouped 
taxonomically: 
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From these scatter plots, it can be seen that good discrimination of the different 
taxonomic groups has been achieved, each occupying discrete three dimensional 
space. This is not surprising as terrace ridges are known to vary taxonomically, and 
consideration of the images in figures 3.1 .1 to 3.1.4 confirms that the individual 
families have distinct terrace ridge patterns. The strength of this technique is that it 
can discern and describe this variation. This analysis shows that pygidial doublural 
terraces vary in a systematic fashion and that this particular technique is appropriate 
for representing this variation. 
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3.3.3 Eigenshape space plots: grouped by phylogeny 
Eigenshape space plots of ES- 1 versus ES-2, ES- 1 versus ES-3 and E
S-2 versus ES-3 
were then produced, with the taxa categorised by phylogeny. Figures
 3. 16, 3.17 and 
3. 18 show the eigenshape space plots: 
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Figure 3. 16: Eigenshape space plot of ES-1 versus ES-2, coded phyl
ogenetically 
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Figure 3.17: Eigenshape space plot of ES-1 versus ES-3, coded phyl
ogenetically 
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Figure 3.18: Eigenshape space plot of ES-2 versus ES-3, coded phylogenetically 
Although the phylogenetic interpretations are very broad (due to the limitations of 
the current state of knowledge of the phylogeny of these families), again good 
discrimination is achieved by this technique. The taxa belonging to the two 
relatively advanced families (Cyclopygidae and Nileidae) and those belonging to the 
more primitive family (Asaphidae) plot out separately in three-dimensional space, 
and from this very limited data set it can be inferred that, in this example, primitive 
terrace ridge patterns are significantly different from advanced terrace ridge patterns, 
which are themselves variable between families. 
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3.3.4 Eigenshape space plots: grouped by environment 
Finally, the same three eigenshape space plots were produced, this time with the taxa 
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Figure 3.19: Eigenshape space plot of ES-1 versus ES-2, coded environmentally 
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Figure 3.21 : Eigenshape space plot of ES-2 versus ES-3, coded environmentally 
Again, although the environmental interpretations are very broad, it appears that 
some discrimination of the inferred environmental groups is possible by this method, 
particularly those trilobites living at the extremes (i.e. the mesopelagic trilobites and 
the benthic forms found in shallow water). The interpretation of the cyclopygids as 
mesopelagic is well accepted (Fortey, 1974, 1985), although it is realised that both 
primitive and advanced members of this family have been included in the analysis, 
due to the scarcity of data on pygidial doublural terrace ridges in this group. 
Nevertheless, this group are well discriminated by the analysis. However, the 
remaining environmental interpretations for all the benthic forms are founded on 
many assumptions about the taxa, based on an assemblage based ecophenotypic 
study that does not necessarily lend itself to direct depth comparisons between 
unrelated taxa (Nielsen, 1995), especially without regard for the assemblage in which 
they are found (one taxon may often be found in a variety of depth-specific 
assemblages). However, studies where the inferred habit or water depth is stated for 
each taxon are very rare, so assumptions had to be made about the relative depths at 
which the trilobites lived. 
No statement was made regarding the water depth of the species studied within 
Asaphus, except that "Asaphids are ... typical of shallow water facies" (Nielsen 1995, 
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p. 70). However, Nileus depressus depressus was described as being "typical of 
fairly shallow water with coarser substrate" (p. 66) and Nileus latifrons was 
"undoubtedly adapted to coarser substrate than Nile us armadillo" (p .. 66), which, 
along with Nileus orbiculatoides, was "confined to shallow and intermediate water 
depths" (p. 66). Nileus depressus depressus and Nileus latifrons were therefore 
assigned to a shallow water category and Nileus armadillo and Nileus orbiculatoides 
were assigned to the shallow/intermediate water depth category, as well as the 
asaphids. Also included within the shallow/intermediate water depth category was 
Gog explanatus (for which no environmental interpretation is given) on the basis of 
its close relationship to Niobe (Niobe), which is generally found in 
shallow/intermediate water depths (p. 69). 
It is stated by Nielsen ( 1995, p. 65) that Megistaspis (Megistaspis) geminus occurs in 
"shallower-water facies than Megistaspis (Megistaspis) limbata", so the former 
species was included in the shallow/intermediate depth category, and the latter in the 
intermediate/deep category. This may be erroneous as these are of course relative 
depths and may not be equivalent to the shallow water depths of, say, Nileus 
orbiculatoides. It is not indicated at what depths Megistaspis (Megistaspis) limbata 
types 5 and 9lived, although Megistaspis is commonly a fairly deep water genus. 
On p. 64 it is explained that the "various subgenera of Megistaspis undoubtedly had 
dissimilar environmental preferences, as shown by their uneven distribution" and that 
"the representatives of Megistaspis (Megistaspis) ... . from deep water settings .... are 
consistently broader than shallow water morphs". A variety of exoskeletal widths 
are found within Megistaspis (Megistaspis) limbata, and from the taxonomic 
descriptions (p.119 and p.129 respectively), and the measurements given in tables 8 
and 10 (p.l 08 and p.lll respectively), it is inferred that these are slightly narrower 
forms. They are therefore grouped in the intermediate/deep category. Conversely, 
Megistaspis (Megistaspidella) is stated to be "characteristic of a shallower-water 
setting" (p. 64) and therefore Megistaspis (Megistaspidella) cf. triangularis is 
assigned to the general shallow/intermediate water depth category. Also assigned to 
this category is Niobe (Niobe) lindstroemi, on the basis of the observation that Niobe 
(Niobe) was connected to coarser shallow water substrates (p. 69). Niobe (Niobe) 
and Niobe (Niobella) had dissimilar environmental preferences (p. 69) and it is stated 
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that both Niobe (Niobella) plana and Niobe (Niobella) imparilimbata were a
dapted 
to slightly deeper water or muddier substrates. For this reason they were as
signed to 
the intermediate/deep water category. 
Finally, some difficulty was experienced in assigning Nile us de pres sus schr
anki to a 
category. In many cases (e.g. p. 53), the presence of this subspecies is state
d to 
signal deep water (e.g. in the Megistaspis (Megistaspis) biofacies of p. 51). 
However, this species is also very common in shallower water assemblages
 such as 
the Symphysurus-Nileus de pres sus sub-biofacies (p. 51) and the decision wa
s taken 
not to include Nileus depressus schranki in a deep water category without fu
rther 
knowledge of which assemblage this particular example occurred in. Howe
ver, even 
placing this subspecies in the intermediate/deep category has proven unsucc
essful, as 
it has not plotted particularly close to other members of this category on any
 axis, in 
fact on all three plots this taxon would probably best fall within the shallow
 I 
intermediate category. This problem highlights the usefulness of this techn
ique for 
discriminating groups and identifying outliers, but also raises some concern
s about 
the quality of the environmental data used. 
A cautionary note was raised by Nielsen (1995), who observed that terr
ace ridges 
varied subtly with environment. He observed that the density and strength
 of terrace 
ridges varied with palaeodepth within the same species of Nileus and 11/a
enus, with 
deeper-water forms having a lower ridge density, the opposite of what
 might be 
expected if the ridges had a sediment gripping function. He suggested (p
. 67) that 
the ridges may have had a sediment catching function in connection with b
urrowing. 
He did not comment on the variation in the overall terrace ridge pattern,
 but from 
examination of the plates it appears that the overall shape pattern of the r
idges was 
similar between the different members of the subspecies, simply varying i
n strength 
and density, to the extent that certain shallow forms were devoid of ridge
s. As he 
pointed out, taxonomic classifications that rely heavily on terrace ridge
s may be 
flawed. However, for the purposes of this methodology, which already abs
tracts and 
simplifies the terrace ridge arrays, intraspecific variation is not seen as signi
ficant. In 
this pilot study, individuals within the same species are seen to plot very 
closely to 
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one another thus intraspecific variation on this scale was not seen as problematic to 
the methodology. 
3.4 Extension of technique: normalisation analysis 
In order to address the concerns about overall pygidial shape outlined in section 
3 .2.1, a "normalisation" step was added to the analysis procedure. Here, the pygidial 
outline (the first digitised curve) was subtracted from the three terrace ridge curves, 
prior to conducting the analysis, removing the effect of overall shape and enabling 
comparison of more different shapes. The analysis was then repeated, exactly as 
before (as described in section 3.2.4). 
3.4.1 Eigenvalue data 
Table 3.4 shows the normalised eigenvalue scores for each axis and the proportion of 
the total variance associated with each axis: 
Table 3.4: Normalised Eigenvalues 
E~envectors Eigenvalues Total Variance (
0/o) Cumulative Variance (0/o) 
1 1.266 74.975 74.975 
2 0.171 10.134 85.109 
3 0.058 3.436 88.545 
4 0.044 2.609 91.155 
5 0.027 1.607 92.762 
6 0.022 1.322 94.084 
7 0.014 0.817 94.9 
8 0.013 0.76 95.66 
9 0.012 0.726 96.387 
10 0.011 0.627 97.014 
11 0.009 0.525 97.539 
12 0.008 0.453 97.992 
13 0.007 0.386 98.378 
14 0.005 0.297 98.675 
15 0.005 0.284 98.96 
16 0.004 0.265 99.224 
17 0.004 0.217 99.441 
18 0.003 0.187 99.629 
19 0.002 0.135 99.764 
20 0.002 0.098 99.862 
21 0.001 0.074 99.937 
22 0.001 0.063 100 
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These scores can be compared with those in table 3.2. Here more of the measured 
shape variation is accounted for by ES-1, but more axes are required to describe the 
residual shape trends. For example, 8 eigenvectors are required to describe 95% of 
the variance, whereas in the non-normalised analysis, 4 eigenvectors describe the 
same amount of variance. 
Table 3.5 shows the normalised eigenscores for each specimen, along with the 
taxonomic, phylogenetic and environmental classifications that are used in the 
graphical analysis: 
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Table 3.5: Nonnalised eigenscore data, with classifications used in analysis 
Species Taxonomy Phylogeny Environment ES-1 ES-2 ES-3 
Asaphus (Asaphus) Asaphinae Stem Shallow/ 0.26 0.085 0.003 
acuminatus Intennediate 
Asaphus (Asaphus) Asaphinae Stem Shallow/ 0.168 0.069 -0.094 
expansus Intennediate 
Asaphus (Asaphus) Asaphinae Stem Shallow/ 0.286 0.169 0.012 
fall ax Intennediate 
Asaphus (Asaphus) Asaphinae Stem Shallow/ 0.276 0.167 -0.012 
incertus Intennediate 
Asaphus (Asaphus) Asaphinae Stem Shallow/ 0.15 0.108 -0.043 
lep_idurus Intermediate 
Asaphus (Asaphus) Asaphinae Stem Shallow/ 0.282 0.048 -0.096 
stria/us Intennediate 
Gog explanatus Niobinae Stem Shallow/ 0.087 0.028 -0.057 
Intennediate 
Megistaspis Isotelinae Stem Shallow/ 0.057 0.055 0.034 
(Megistaspis) geminus Intennediate 
Megistaspis Isotelinae Stem Intennediate 0.04 0.086 -0.011 
(Megistaspis) limbata /Deep 
Type 5 
Megistaspis Isotelinae Stem Intennediate 0.073 0.042 0.003 
(Megistaspis) limbata /Deep 
Type9 
Megistaspis Isotelinae Stem Shallow/ 0.079 0.067 0.021 
(Megistaspidella) cf Intennediate 
triangularis 
Microparia Cyclopygidae Crown At Mesopelagic -0.057 -0.051 -0.007 
(H eterocycl opyge) 
abunda 
Microparia Cyclopygidae Crown At Mesopelagic 0.056 0.033 0.053 
(Microparia) teretis 
Nileus armadillo Nileidae Crown B t Shallow/ 0.268 -0.086 -0.032 
Intennediate 
Nileus depressus Nileidae Crown B t Shallow 0.191 -0.104 -0.078 
depressus 
Nileus depressus Nileidae Crown B t Intennediate 0.453 -0.029 0.103 
schranki /Deep 
Nileus latifrons Nileidae Crown B t Shallow 0.292 -0.189 -0.067 
Nileus orbiculatoides Nileidae Crown B t Shallow/ 0.565 -0.077 0.023 
Intennediate 
Niobe (Niobella) Niobinae Stem Intennediate 0.174 -0.032 0.055 
imparilimbata /Deep 
Niobe (Niobe) Niobinae Stem Shallow/ 0.228 -0.061 0.047 
/indstroemi Intennediate 
Niobe (Niobel/a) cf. Niobinae Stem Intennediate 0.279 -0.028 0.039 
plana /Deep 
Prospectatrix genatenta Cyclopygidae Crown At Mesopelagic -0.052 -0.038 0.023 
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3.4.2 Normalised Models: ES-1, ES-2 & ES-3 variation 
Figure 3.22 shows the models, constructed as in fig 3.9. Here only the shape 
"envelopes" are shown for clarity. Again, the major trends in shape variation across 
the three axes are displayed. 
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Figure 3.22: Models of variation on normalised data set 
These models are not directly comparable to the original data in the same way that 
they were in the non-normalised study, because of the pre-processing step that was 
added to the analysis. However, these models display more complex shape variation 
than for the non-normalised data shown in figure 3.9. For example, on ES-2, the 
upper and middle segment lines cross each other, whereas the same segments for the 
non-normalised data run sub-parallel to one another, with no crossing of lines. 
3.4.3 Normalised Eigenshape space plots: grouped by taxonomy 
As in section 3.3.2, in order to investigate whether the terrace ridge variation could 
be interpreted as being controlled taxonomically, eigenshape space plots of ES-1 
versus ES-2, ES-1 versus ES-3 and ES-2 versus ES-3 were produced from the 
covariance scores, with the taxa categorised by each of these three potential signals, 
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as shown in table 3.5. Figures 3.23, 3.24 and 3.25 show the eigenshape space plots 
for the data grouped taxonomically: 
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Figure 3.23: Normalised taxonomy plot ES-1 vs ES-2 
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Again, it can be seen that good discrimination of the taxonomic groupings is 
achieved by this method of analysis. The normalisation technique has in fact slightly 
improved the separation of the groups. 
- 80-
3.4.4 Normalised Eigenshape space plots: grouped by phylogeny 
Eigenshape space plots of ES-1 versus ES-2, ES- 1 versus ES-3 and ES-2 versus ES-3 
were then produced, with the taxa categorised by phylogeny. Figures 3.26, 3.27 and 
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Figure 3.26: Nonnalised phylogeny plot ES-1 vs ES-2 
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Figure 3.28: Nonnalised phylogeny plot ES-2 vs ES-3 
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3.4.5 Normalised Eigenshape space plots: grouped by environment 
Finally, the same three eigenshape space plots were produced, this time with the taxa 
categorised by environment, as shown in figures 3.29, 3.30 and 3.31: 
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Figure 3.29: Nonnalised mode of life plot ES-1 vs ES-2 
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The results here do not show a great improvement on the non-normalised analysed, 
but are still encouraging, particularly in terms of the small shallow and mesopelagic 
populations. 
3.4.6 Normalisation analysis: conclusions 
The results discussed above suggest that the shape variance is not entirely explained 
by the overall shape of the pygidiurn, and confirm that there is potentially a 
phylogenetic or ecological basis for the signal. The normalisation technique appears 
to actually improve the discrimination of these groups, and is an approach worthy of 
future investigation. 
3.5 Pilot Study Conclusions 
Given the small size of the sample, some of the assumptions that were made in 
providing an environmental interpretation, and the compromises made when 
summarising the entire terrace ridge array in three lines, this short pilot study was 
successful. The appropriateness of the morphometric technique for quantifying and 
comparing the shape variation present in the sample, and for producing models and 
methods of meaningfully discriminating the groups of data was demonstrated. 
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Terrace ridge patterns have been shown (within the small data set) to be variable by 
taxonomy, phylogeny and environment and clearly further investigation with a much 
larger and broader data set is required. The suggestion from this study that terrace 
ridges are significantly different in pelagic and benthic forms could be tested more 
rigorously by the inclusion of many more specimens in the analysis and the 
consideration of a range of terrace ridges on different parts of the exoskeleton, for 
pelagic and benthic forms. 
The modification to include normalisation for overall shape appeared to improve the 
discrimination and broadened the scope for further applications of the technique. 
However, re-consideration of the normalisation technique casts some doubt on these 
promising results. Although subtraction of the pygidial outline from the outermost 
terrace ridge removes the influence of the outline from the analyses (effectively 
resolving the first terrace ridge trace to a straight line if it runs parallel to the 
margin), on reflection, the technique seems inappropriate for the inner two line traces 
as it effectively adds more shape-related bias to these two traces than it removes 
from the outermost terrace line trace. This can be inferred from the comparison 
between the models shown in figures 3. 9 and 3 .22, the latter appearing to show 
greater variation. It appears that a more sophisticated method than the one used here 
is required. However, a normalisation strategy which has a homogenous effect 
across all the data would be extremely complex to develop and is beyond the scope 
of this study. 
Given the overall success of the pilot study, it was proposed to repeat the methods 
outlined in this pilot study, with a much larger and broader dataset, developing 
similar terrace ridge abstraction techniques for other trilobite sclerites, and 
considering issues of bilateral symmetry and measurement error. It was also decided 
that the group separation could also explored statistically. The results of these 
subsequent analyses are presented in chapters 5, 6, 7, and 8. 
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4 Extended Eigenshape Analysis of Trilobite Terrace 
Ridges - Materials 
In order to extend and expand the morphometric anaylysis technique developed in the 
pilot study, it was clear that many further examples of terrace ridges were required. It 
was decided to record details of terrace ridges found across Class Trilobita in order to 
determine where the data were most abundant, whilst simultaneously producing a 
useful database of terrace ridge information. 
4.1 Sources of images of terrace ridges 
The images for the large-scale study of terrace ridges in trilobites were predominantly 
sourced from the trilobite literature, mainly using the extensive libraries of The 
Natural History Museum, London and the personal reprint collections of R. A. 
Fortey, A. W. A. Rushton and C. J. Stubblefield. As mentioned in section 2.2, the 
trilobite collections of the Natural History Museum were thoroughly examined, 
although ultimately they were largely used to clarify details of figured specimens 
found in the literature, as well as to provide missing information in cases were the 
figured specimen was incomplete or only partially photographed. The collections 
were also used in cases where there was some doubt over the original identification in 
the literature. Other museum collections were also consulted, as listed in section 2.2. 
Whilst it would have been desirable to collect many examples of trilobite terrace 
ridges in the field, it was decided that a far greater number of suitable examples could 
be gleaned from the literature given the time and budget available. Terrace ridges are 
delicate structures and very few examples found in the field were sufficiently 
complete and well-preserved to be included in this study. Conversely, the Natural 
History Museum library and reprint collections proved to be a relatively rich source of 
images. In many photographs terrace ridges were not shown to their best advantage, 
or were out of focus, as they were not intended to be the main subject of the 
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photograph, but over 6000 images providing potentially useful terrace ridge 
information were ultimately identified. 
Initially the search for images concentrated on particular publications likely to contain 
usable images. As well as bibliographies, the NHM library catalogue and internet 
based literature databases such GeoRef and Web of Knowledge were used to search 
for particular taxa. The substantial reprint collections listed above yielded many 
useful images but it also became apparent that many more photographs of terrace 
ridges could be located by looking though entire runs of journals and book collections 
likely to contain suitable images. Many entire runs of journals were examined for 
suitable images, and journals with worldwide, international and regional distributions 
were consulted. The reproduction quality of many older Russian and Chinese plates 
was too poor for many useful images to be identified. Conversely many Scandinavian 
publications (most notably Nielsen, 1995, which provided 218 database entries) 
featured large numbers of high quality images showing terrace ridges to great effect. 
4.2 Database of images of terrace ridges 
Once all the images had been collected, a simple non-relational database was created. 
An abridged version of the database is enclosed on CD-ROM (Appendix A). In all 
cases classification to subfamily level was attempted, and family and subfamilial 
assignments are frequently those of the original authors, where given. However, the 
Zoological Record was used to check any doubtful assignments and all taxa included 
in publications pre-dating 1990 were checked for taxonomic assignment in more 
recent papers if such publications could be located, normally using the Zoological 
Record, but also Web of Knowledge and GeoRef where the search of the Zoological 
Record did not locate any useful publications. If no subsequent papers could be 
identified the most recent taxonomic assignment available was employed. 
Assignments to subfamily were frequently not possible, and these taxa were listed at 
family level in the database. 
Jell & Adrain's extremely useful "Available generic names for trilobites" was 
published in June 2003. A copy of this publication was only obtained in October 
2003, long after the construction of this database was underway, and was therefore 
primarily used in order to clarify taxonomic assignment where no other was available 
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(from either the original publication or relevant literature). Additionally, as Jell & 
Adrain (2003) only assigned genera to family level (and did not provide justifications 
for these assignments, as in the style of the Treatise), this publication was only of 
limited use in many cases. Their opinions frequently differed from those of other 
authors, and in many cases the apparent prevailing view was followed instead. This 
was a personal judgement and other trilobite workers will differ in their opinions. For 
example, Jell and Adrain did not observe Family Phillipsiidae, resulting in 323 genera 
being assigned to Family Proetidae. This was presumably in response to the dropping 
of Family Phillipsiidae in Owens (1983), but did not address its continued use by 
other authors and subsequent re-instatement at the Third International Conference on 
Trilobites and their Relatives in Oxford, 2001 and in the proceedings published 
subsequently (Owens, 2003). Therein the families (and subfamilies) proposed by 
Owens (2003) and others for the Proetoidea were utilised. Jell & Adrain (2003, p. 
333) acknowledged that considerable effort has been applied to defining subfamilies 
(for example in the Proetidae, Asaphidae), but explained that as general agreement 
has not been reached and that all relevant genera have not been placed, their 
preference was to use broader groupings until more detailed investigations have been 
completed. For the purposes of this study, intrafamilial classifications were required, 
and these were used wherever available. For simplicity the version of the database 
which is provided as Appendix A on CD-ROM does not feature the justification notes 
that led to the placing of genera within certain families (with widely varying 
certainty), the final placement usually being that given by the most recent author (and 
frequently that of the original author). It is stressed that this database was a working 
tool for determining where within the classification sufficiently abundant images of 
terrace ridge images could be found, and many of the taxonomic assignments 
(particularly to subfamily level) therein may well be contentious. Whilst 
acknowledging the significant advances that have been made in over the previous 7 5 
years, Fortey (2001) stated that trilobite systematics is in an unsatisfactory state. 
4.2.1 Data base en tries 
As can be seen in Appendix A, the images were entered into the database under the 
species name in the appropriate position in the classification, which was taken from 
that presented in the Treatise (Fortey in Kaesler, 1997, pp. 289-302). Although 
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subfamilies were not given in that systematic listing, they were added wherever 
possible. Where authorship and/or year of publication of a species were provided, 
they were included for completeness. The species name in almost all cases was 
accepted as being correct, although when the name was found to have been revised 
(e.g. some species figured in Legg (1976) were subsequently revised by Laurie & 
Shergold ( 1996), the new name was used and the original (now synonymised) name 
indicated in a comment. Multiple images of the same species were included where 
possible, regardless of whether they occurred in one publication or from a variety of 
sources. This was to ensure that the question of intra-specific variation could be 
addressed. 
The body part on which the terrace ridges were visible was identified broadly (e.g. 
pygidial doublure, cranidium, librigena, hypostome) in the next column. If an image 
featured potentially useful terrace ridges on several separate areas of the trilobite 
(particularly in cases where the entire trilobite was photographed) the entry for that 
image was duplicated for clarity. This information was provided so that the entries 
could be readily grouped by body part, in order to establish where numbers of images 
were sufficiently numerous for morphometric analysis of terrace ridge arrays on the 
individual body parts to be conducted. 
In the next column, the plate and/or figure number was provided in sufficient detail to 
identify that image uniquely. Page numbers were used where no other identifier was 
used e.g. Snajdr, 1990. 
The description column was used to very informally describe the quality and location 
of terrace ridges shown on the image. A formal description was not attempted as this 
working document was only included as a rough guide to potential usability. 
Abbreviations were used for brevity (e.g trs for terrace ridges) and terrace ridge 
location was generally defined in terms of anterior, posterior, axial or "marginal" 
(with left or right side usually indicated), the term marginal in this case describing 
terrace ridges beyond the axial region, for example, in the case of the dorsal 
pygidium, either on the borders or in the outermost pleural fields. Where the body 
part was incomplete or obscured in some way this was indicated, as well as an 
appraisal of how good the image was, purely in terms of the terrace ridges. It was 
noted early on during the process of image acquisition that relatively few images 
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showed sufficiently good coverage or preservation to be included in the morphometric 
analysis, but it was decided that if several examples of the same species were 
identified, ideally from the same publication to avoid problems arising from varying 
identification, it would be possible to reconstruct the terrace ridge information and 
produce a composite terrace ridge array. As many images as possible were therefore 
included in the database, although those which were badly deformed or non-holaspid 
forms, as well as those where the identification was too vague e.g. "asaphid 
pygidium" were omitted. Whilst the orientation of the image was of importance for 
the final analysis, alternative (e.g. lateral views) were included, again for potential 
clarification purposes. Where the view varied from the standard dorsal and ventral 
views required by the morphometric analysis method this was indicated in the 
description column. As explained in section 3 .2.1, for the purposes of the eigenshape 
analysis size was irrelevant so scale was not included. 
In the final column the full bibliographic reference for the publication in which the 
image is located was given. Transliterations (and translations of titles where 
available) of papers in foreign languages were included. 
Location information, lithology, ecology and stratigraphic age were considered as 
further potential database entries for each image but this information was so 
frequently unavailable that early efforts to include these data were abandoned. Given 
how time-consuming the creation of such a resource proved to be, it was decided at an 
early stage that only information strictly relevant to the morphometric study should be 
included. 
4.3 Determination of terrace ridge study groups 
Once the database of terrace ridge information was complete, it was examined in 
order to identify potential areas of study. It had already been established in the pilot 
study that Order Asaphida was a good candidate for the morphometric analysis, and 
on completion of the database it emerged as the most variable, interesting and data 
rich group. Over 2500 images of terrace ridges were recorded in Order Asaphida, 
from a total in excess of 6000. Other potential groups with good data coverage were 
the Order Proetida (approximately 1800 images) and Superfamily Illaenoidea. 
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However, proetids exhibit very conservative gross morphology and, apart from on the 
hypostomes, display very little variation in terrace ridge patterns. Doublural terrace 
ridges exhibited by proetids are simple and generally run sub-marginally. Dorsally, 
the surface ornament is largely composed of granules, and terrace ridges are usually 
limited to a few sub-marginal lines on the anteriormost cephalic border. It was not 
felt that sufficient variation could be identified by eye for there to be a justification for 
subjecting the proetids to morphometric analyses. Additionally, the proetid doublure 
is markedly convex, compared to the wider flatter asaphid doublure, and thus a two-
dimensional analysis would have been inappropriate for this group. Working from 
images in the literature for this study would have resulted in systematic errors in 
plotting the ridge course and spacing. Whilst the extended eigenshape analysis 
technique is theoretically extendable to three-dimensions (Macleod, 1999), meaning 
that this approach could be extended to work on actual specimens with convex 
doublures, it was beyond the scope of this study. 
Although a large number of images (approximately 1200) of illaenid terrace ridges 
were identified, relatively few potential families/subfamilies were found and these 
contained a fairly narrow spread of genera. 
Additionally, as well as containing the largest number of potentially analysable 
images, spread over a number of families and subfamilies, Order Asaphida had the 
distinct advantage, as mentioned in the pilot study, of including a variety of 
ecomorphotypes. As Fortey and Chatterton (1988) stated, "the group was successful 
within almost the whole range of marine habitats adopted by the trilobites as a whole" 
(p. 216). Very few images of non-asaphid pelagic forms showing discernible terrace 
ridges were found, the telephinids (Order Proetida) being the only agreed pelagic 
forms with any good terrace ridge images found outside Order Asaphida. Given that 
one of the most interesting implications of the pilot study was the potential for using 
terrace ridges as an independent test of ecology, and as terrace ridge-bearing pelagic 
forms (within Cyclopygoidea and Remopleuridoidea) are well represented in Order 
Asaphida, it was decided to develop morphometric techniques on this data set. 
Additionally, a wide range of terrace ridge styles are exhibited by this group and it 
was felt that if successful techniques could be developed on this data set, then they 
could very readily be applied elsewhere. 
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The groups which were ultimately identified as suitable for the morphometirc 
analyses, all members of the superfamily Asaphoidea, are listed in table 4.1, below. 


















The database was then used to establish which images from these groups were of 
sufficient quality to warrant being scanned, processed and printed in order to be 
considered for morphometric analysis. Over 1600 images were scanned, usually at 
300 dpi, using an Epson Expression 1640XL A3 flatbed scanner, and then processed 
and printed at up to A4 size at the highest quality possible. Images were saved with 
species name, author and plate number of the paper. 
In order for the terrace ridges to be accurately traced for the ridge abstraction process, 
the images need to be printed out as large as possible. Unfortunately many of the 
images were either not initially produced at sufficiently high quality to still be usable 
when printed out at this size, or more commonly the original photographs suffered 
during screening, a printing technique where the original image is broken up into tiny 
pixels to facilitate offset-litho printing. This often resulted in highly pixelated, low 
quality images which could not be included in the final study. Ultimately only about 
a quarter of these images were used in the final analyses, although many others 
contributed to composite images, or aided in clarification. 
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Unfortunately, insufficient usable images on the ventral and dorsal surfaces of the 
cephalon were located within the Asaphida. Relatively few examples of dorsal 
cephalic terrace ridges were found, although many excellent images detailing ridge 
patterns on the glabella were located in the Remopleuridoidea (e.g. Nikolaisen, 1983). 
The cephalic doublure proved to be too problematic to compare, because of the 
secondary loss of the median suture and the complications caused by genal spines. 
Given that the size of these genal spines varies enormously (from very long in the 
Remopleuridoidea to non-existent in many Asaphidae and Nileidae, where the 
librigena terminates in a rounded genal angle), this part of the librigena could not be 
included in the analysis. Whilst the median suture is present in Asaphidae, 
Remopleurididae and primitive Cyclopygidae and Nileidae, more advanced Nileidae 
and Cyclopygidae (and some Kainellidae) have lost this character by fusion of the 
librigenae (Fortey & Chatterton, 1988), thus resulting in differently shaped cephalic 
sclerites, making it difficult to develop heuristics for the abstraction of the terrace 
ridge arrays on corresponding sclerites. As a result the morphometric analyses were 
restricted to the pygidial doublure, dorsal pygidium and hypostome. 
Full details of all the images analysed are available on the enclosed DVD (see 
Appendix B). 
4.4 Collecting the data 
Traced lines were captured using a Pulnix video camera, focussed with standard 52 
mm Nikon lenses and fed into a PC running BioScan Optimas 3.01 (© Bioscan Inc.) 
Optimas converted each line into 200 pairs ofx-y co-ordinate points, which it then 
wrote to an ASCII file. Microsoft Excel was then used to concatenate the sets of three 
lines to make each set into one new line, with landmarks marking where the lines had 
been joined. 
Crucial to this data capture procedure was the adherence to rules such as ensuring that 
lines scanned occupied at least two-thirds of the width of the screen and that the line 
reading sequence always worked from the outer line inwards and from the axis of 
symmetry outwards to the right or upwards. After the data had been gathered, it was 
processed by the EEA programs and analysed, as described in chapter 3. 
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The following chapter describes two methodological studies carried out to identify 
working procedures for collecting reliable line data for analysis. 
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5 Methodological Trial Studies 
Following on from the encouraging results of the pilot study, a similar eigenshape 
analysis approach was applied to the dataset of terrace ridge-bearing trilobites, the 
collection of which was described in chapter 4. Because of the methodological 
concerns associated with the normalisation technique discussed in section 3 .4, it was 
decided to no longer trace the outline of each specimen as part of the process. From 
this point forwards, therefore, each tracing only consists of three lines. Prior to 
embarking on the major study, it was decided to test two important methodological 
assumptions made in these studies. 
5.1 Methodological Trial Study 1: Repeated Measures 
5.1.1 Introduction and Method 
Any measurement technique must be repeatable: i.e. it must consistently yield similar 
results from similar data. To establish that the within-individual variation in the 
procedure followed here was insignificant compared to the variation within the 
population, a test was performed. In this test, the terrace ridge arrays of two 
different, clearly photographed, examples of the same species of trilobite (A= 
Asaphus (Asaphus) striatus Nielsen, 1995 fig. 71D and B = Asaphus (Asaphus) 
striatus W andas, 1984 fig. 2F) were traced once a day for ten days, following the 
suggestions outlined in Bailey & Byrnes (1990). Each day's tracing of each set of 
terrace lines \Vas carried out using the established rules for that body part and without 
reference to any previous tracings. 
After all ten tracings for both trilobites had been completed, digitised and 
concatenated, as described in section 3.2.3, an extended eigenshape analysis (EEA) 
was carried out on this set of twenty samples. In order to establish the EEA 
technique as valid and repeatable for trilobite terrace ridges, within the rules 
previously defined, the data points were expected to form two distinct clusters in 
shape space. 
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5.1.2 Results and Analysis 
The EEA analysis yielded the following table of variances for the eigenshapes 
determined through this analysis: 
Table 5.1: Eigenvalue Table for Repeated Measures 
E~enshape Eigenvalues Total variance (0/o) Cum. Variance(o/o) 
1 1.234 96.15 96.15 
2 0.039 3.078 99.228 
3 0.005 0.394 99.622 
4 0.003 0.216 99.838 
5 0.002 0.162 100 
It is worth noting from table 5.1 that the first two eigenshape axes contribute 
99.228% of the variance within this population. This number is high as there is a 
limited amount of variation within the sample by design. 
Table 5.2 shows the covariance scores on all 5 axes for the 20 repeat tracings: 
Table 5.2: Covariance scores for repeated measures study 
ES-1 ES-2 ES-3 ES-4 ES-5 
A 
Asaphus (Asaphus) striatus 0.242 -0.037 -0.011 -0.013 0.015 
Nielsen, 1995 fig. 71 D - Da_y 1 
A 
Asaphus (Asaphus) striatus 0.256 -0.054 0.011 0.017 0.008 
Nielsen, 1995 fig. 71 D - Day 2 
A 
Asaphus (Asaphus) striatus 0.272 -0.048 0.006 -0.003 -0.016 
Nielsen, 1995 fig. 71 D - Day 3 
A 
Asaphus (Asaphus) striatus 0.24 -0.036 0.026 -0.022 -0.011 
Nielsen, 1995 fig. 71 D - Day 4 
A 
Asaphus (Asaphus) striatus 0.254 -0.059 0.002 -0.004 -0.005 
Nielsen, 1995 fig. 71D- Day 5 
A 
Asaphus (Asaphus) striatus 0.249 -0.043 0.023 0.011 0.006 
Nielsen, 1995 fig. 71 D - Day 6 
A 
Asaphus (Asaphus) striatus 0.259 -0.031 -0.014 0 0.009 
Nielsen, 1995 fig. 71 D - Day 7 
A 
Asaphus (Asaphus) striatus 0.256 -0.017 -0.05 0.01 -0.004 
Nielsen, 1995 fig. 71 D - Day 8 
A 
Asaphus (Asaphus) striatus 0.236 -0.051 0.004 -0.008 0 
Nielsen, 1995 fig. 71D- Day 9 
A 
Asaphus (Asaphus) striatus 0.246 -0.043 -0.018 0.001 0.001 
Nielsen, 1995 fig. 71 D - Day 1 0 
B 
Asaphus (Asaphus) striatus 0.256 0.036 -0.003 -0.021 0.011 
W andas, 1984 fig. 2F - Day 1 
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B 
Asaphus (Asaphus) stria/us 
0.248 0.04 0.006 0.006 0.002 
WandAs, 1984 fig. 2F - Day 2 
B 
Asaphus (Asaphus) stria/us 0.237 0.059 -0.001 -0.003 0.017 
WandAs, 1984 fig. 2F - Day 3 
B 
Asaphus (Asaphus) stria/us 0.232 0.043 0.019 0.011 0.012 
W andAs, 1984 fig. 2F Day4 
B 
Asaphus (Asaphus) stria/us 0.24 0.051 -0.001 0.007 -0.001 
W andAs, 1984 fig. 2F Day 5 
B 
Asaphus (Asaphus) stria/us 0.248 0.016 0.009 0.021 -0.009 
W andAs, 1984 fig. 2F Day6 
B 
Asaphus (Asaphus) slriatus 0.24 0.054 0.001 -0.013 0.005 
WandAs, 1984 fig. 2F Day 7 
B 
Asaphus (Asaphus) stria/us 0.251 0.066 -0.007 -0.012 -0.023 
WandAs, 1984 fig. 2F Day 8 
B 
Asaphus (Asaphus) slriatus 0.256 0.034 0 0.01 -0.011 
WandAs, 1984 fig. 2F Day9 
B 
Asaphus (Asaphus) striatus 0.244 0.034 0.001 0.006 -0.004 
Wandas, 1984 fig. 2F Day 10 
The covariance scatter plots for the first three axes are plotted in figures 5.1 , 5.2 and 
5.3: 
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Figure 5. 1: Graph of Repeated Measures ES-1 vs ES-2 
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Figure 5.2: Graph of Repeated Measures ES-2 vs ES-3 






























While the first two graphs show good separation of the two populations, the overlap 
apparent in the graph of ES-1 against ES-3 serves to illustrate a problem with the 
representation of multi-dimensional data in graphs of only two variables at a time. 
There are some similarities between populations A and B, in terms of the co-
variances described by ES-1 and ES-3: the greatest differences between the 
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populations being explained through ES-2. Given that the majority of the differences 
between the line groupings analysed are explained by three eigenshapes, a three 
dimensional graph can be used to represent all three major axes at once and can 
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Figure 5.4: 3D Graph of Repeated Measures ES-1 to ES-3 
These 3-D graphs (generated using Miner 3D Professional Release 4.2c) can be 
rotated in shape space in order to view the data point clusters clearly from separate 
angles. When used throughout this thesis, the primary orientations of the axes are: 
ES-1 : perpendicular to the page (pointing out) 
ES-2: horizontal on the page (running left to right) 
ES-3: vertical on the page (top to bottom) 
Graphs have been rotated as little as possible in order to gain the best view of data 
clusters. Where greater degrees of rotation help to clarify a view, the rotation is 
described. 
-99-
The first graph (fig. 5.4) plots the first three eigenshape axes in the orientation 
discussed above. In order to assist the eye in appreciating the 3-D nature of the data 
plotted, data points shrink in size from the top of the graph to the bottom. It clearly 
shows the separation of the two populations. 
Below is the same graph rotated so as to be viewed "from above"; from a vantage 
point higher on the ES-3 axis. While the difference in clarity between the two views 
is minimal here, in later studies, a rotation is valuable in clarifying data separation 
and clustering. 
... 
""' ' ....... 
C'171 4.~ __.. . 
• 0~ -& 01# 
~ 
0~ • • 02lj 
07.1' • 
' I <J075 !JOS 
\ 
l 
:\ .0:,.~~ .__ 
\ ~ 
.. ' \ 
' I • 
' I '• I 'I I 
0.0<-; }I ': 
ES-3 
I J-U 'I Gr:1ph 
\\I' " 
~ ES-Z I 
F.S-1 
~ 








Figure 5.5: 30 Graph of Repeated Measures ES-1 to ES-3, viewed from above 








In conclusion of this brief study, it can clearly be seen that, while the two populations 
show a small amount of among-individual variation (indicating some variability in 
the line-drawing approach), they show a clear separation, thus supporting the validity 
of the tracing and analysis techniques, in terms of repeatability. 
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5.1.3 Repeated Measures Statistical Analysis 
Statistical tests were carried out on these data in order to test for the equivalence of 
the centroids of the ellipsoids created in shape space by the eigenscores produced by 
the EEA. This analysis serves two purposes: to show statistically that the two 
repeated measures populations are significantly separate clusters in shape space and 
also to introduce the methods of statistical description that will be applied to the 
major studies in chapters 6, 7 and 8. 
5.1.3.1 Description of the statistical tests used in this analysis 
The repeated measures eigenscores data was analysed with the MANOVA test 
function within the PAST (PAlaeontological STatistics) software package (ver. 1.32 
Hammer, Harper and Ryan, 2004, which can be found at 
http://folk.uio.no/ohammer/past). PAST is a program developed as a follow-up to 
P ALST AT which is tailor-made for palaeontological use. 
The PAST MANOVA (Multivariate ANOVA, or ANalysis OfVAriance) tests for 
the equality of means of several multivariate samples, based on maximal separation 
(multi-group discriminant analysis). This test assumes a normal distribution amongst 
the multivariate population, with similar variances and co-variances, with the further 
condition that the number of cases (groups) within an analysis exceeds the number of 
variables. 
From this analysis, two key statistical measures are produced: 
Wilks' lambda, also known as the U statistic, which is the ratio between the 
predictor variable within-groups sum of squares and the overall sum of squares. It 
represents the proportion of variance that is not explained by the differences in that 
predictor variable. Wilks' lambda varies from 0 to 1, with 0 meaning group means 
differ (thus the more the variable differentiates the groups), and 1 meaning all group 
means are the same. Wilks' lambda values close to 1 therefore indicate that large 
proportions of the variance are not explained by that predictor variable; values close 
to zero effectively indicate a good separation of groups within that analysis. 
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Rao's F, an F-value expressing the ratio between the extent to which the means of 
each group vary about the grand mean (of the entire population) and how much they 
would be expected to vary by chance alone. If the F-value is large, it can be asserted 
that the populations are significantly distinct; the larger the value, the clearer the 
separation. 
5.1.3.2 Test results for Repeated Measures 
The MANOVA test was run on the repeated measures data, initially using the first 





The low Wilks' lambda value indicates that the variations between the two groups 
are well explained by the three eigenshape variables. The F -value is high, indicating 
that the grouping is significantly different from a random population. In conclusion, 
the populations are significantly separate, as can also be seen in this case from the 3-
D graph produced. 
On examining the eigenvalue table for the repeated measures study (table 5.1 ), it can 
be seen that 96.15 % of the cumulative variance is explained by ES-1, which also 
indicates that the differences between the two groups are easily defined through 
EEA. However, it required five eigenshapes to summarise all of the shape 
variations, so the MANOVA test was then repeated on all five variables in order to 
explore the significance of separation of the two groups in the maximum detail 





By comparison, it can be seen that the lower value for Wilks' lambda indicates an 
improved explanation of the differences between the two groups, as should be 
expected, given that the purpose of the higher eigenshape axes is to describe the 
residual differences more completely. However, the F-value is lower, indicating that 
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the data from these two further variables gives the groups a marginally more random 
appearance, although it is still very significantly non-random. 
The 3-D graph of eigenshapes 3, 4 and 5 (figure 5.6) shows a more random pattern of 
points than the first three eigenshapes do. This is because the latter eigenshapes only 
describe less than 0.4% of the overall variation, in this case. 
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Figure 5.6: 30 Graph of Repeated Measures ES-3 to ES-5 
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5.1.4 Implications for methodology 
In terms of the purpose of the repeated measures study, the good separation of the 
two groups supports the method used. Definition of, and adherence to, a sound 
heuristic for identification and tracing of terrace lines from a photograph of an image 
provides reliably repeatable data. 
In the further studies, MANOVA tests will initially be carried out on data from the 
first three eigenshapes, as these consistently describe the vast majority of the data. 
However, where the EEA requires significantly more eigenshapes to describe the 
shape variation in the population, a larger number of eigenshape variables will be 
used in the analysis. As a rule, the statistical tests will consider the number of axes 
required to describe 95% of the variance. In one of these cases (section 8.4), the 
effects of increasing the number of variables will be explored in more detail. 
5.2 Methodological Trial Study 2: Bilateral Symmetry 
5.2.1 Introduction and Method 
On many of the terrace ridge images, one side or the other is damaged or missing, or 
the terrace ridges are not preserved. Because of this, it is desirable to be able to 
obtain data from either the left or the right side of any particular image in order to 
maximise the number of images available to a study. Having made a decision to 
digitise lines to the right hand side of any axis of symmetry, any images where lines 
can only be clearly seen on the left need to be "mirror image reversed" if they are to 
be used. 
The assumption required when reversing images in such a way for use is that the 
right and left hand sides are quantitatively the same. Trilobites are clearly 
symmetrical to a first approximation (Smith, 1998), and terrace ridges certainly 
appear to be bilaterally symmetrical. However, there are cases of behavioural 
asymmetry in the trilobite fossil record (Babcock, 1993; Hammer, 2000) observed 
that trilobite terrace ridges are not strictly bilaterally symmetrical, displaying 
differences in branching and intercalation between the left and right sides. He 
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interpreted this as being due to autonomous pattern formation processes operating on 
either side. Whilst Hammer's observation is not refuted, for the purposes of this 
study, which abstracts and summarises the terrace ridge patterns, removing subtle 
variations, bilateral symmetry is assumed. The objective of this study is to 
investigate the validity of this assumption and to determine any extra rules that must 
be followed when utilising image data in this way. 
Ten images ofpygidial doublural terrace ridges from closely related taxa (all from 
the same genus, Remopleurides, to make the test as fair as possible) were chosen 
according to the criterion that terrace ridges were visible on both sides of the sagittal 
(longitudinal) axis of symmetry. The lines were traced in the usual way, but this 
time from both sides of the images. During the digitising process the left side images 
were reversed. Right side images and reversed left side images were then run 
through the EEA procedure. 
In order for the assumption of bilateral symmetry to be valid, the pairs of points in 
shape space from any one trilobite should be closely plotted, with no points from 
other images in-between. 
5.2.2 Results and Analysis 
Table 5.3: Eigenvalue table for Bilateral Symmetry 
E!gensh~e Eigenvalues Total Variance _(
0/o_)_ Cum. Variance(0/o) 
1 1.818 90.333 90.333 
2 0.111 5.505 95.838 
3 0.041 2.053 97.892 
4 0.021 1.047 98.938 
5 0.014 0.697 99.635 
6 0.005 0.239 99.874 
7 0.003 0.126 100 
Here the first three eigenshape axes contribute 97.892% of the variance within this 
population. This number is high as there is a limited amount of variation within the 
sample, by design. 
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Table 5.4: Covariance scores for Bilateral Symmetry study 
ES-1 ES-2 ES-3 
Remop/eurides canadensis Chatterton & Campbell, 1993 fig. 4f (L) 0.29 0.045 -0.058 
Remop/eurides canadensis Chatterton & Campbell, 1993 fig. 4f (R) 0.344 -0.014 -0.087 
Remop/eurides canadensis Shaw, 1968 pl. 2 fig. 7 (L) 0.188 -0.04 -0.037 
Remop/eurides canadensis Shaw, 1968 pl. 2 fig. 7 (R) 0.199 0.002 -0.084 
Remop/eurides caphyroides Whittington, 1959 pl. 9 fig. 11 {L) 0.423 0.177 0.034 
Remopleurides caphyroides Whittington, 1959 pl. 9 fig. 11 (R) 0.421 0.122 0.021 
Remop/eurides eximius Whittington, 1959 pl. 15 fig. 16 (L) 0.374 0.021 0.06 
Remop/eurides eximius Whittin_g!on, 1959 pl. 15 fig. 16 (R) 0.36 -0.022 0.058 
Remopleurides p_attersoni Chatterton & Ludvigsen, 1976 pl. 1 fig. 31 (L) 0.288 0.008 0.003 
Remopleurides pattersoni Chatterton & Ludvig_sen, 1976 pl. 1 fig. 31 (R) 0.296 -0.087 0.038 
Remop/eurides p_attersoni Chatterton & Ludvigsen, 1976 pl. 1 fig. 35 (L) 0.304 0.047 -0.032 
Remopleurides pattersoni Chatterton & Ludvig_sen, 1976 pl. 1 fig. 35 (R) 0.321 -0.035 0.017 
Remop/eurides pattersoni Chatterton & Campbell, 1993 fig. 48 (L) 0.293 0.015 -0.045 
Remop/eurides pattersoni Chatterton & Cam_Qbell, 1993 fig. 48 (R) 0.296 -0.02 0.008 
Remop/eurides plaesiourus Whittington, 1959 pl. 5 fig. 14 (L) 0.336 0.003 -0.034 
Remopleurides plaesiourus Whittington, 1959 pl. 5 fig. 14 (R) 0.242 -0.12 -0.013 
Remopleurides simu/us Whittington, 1959 pl. 17 fig. 15 (L) 0.327 -0.129 0.033 
Remopleurides simu/us Whittington, 1959 pl. 17 fig. 15 (Rl 0.275 -0.131 -0.002 
Remop/eurides sp. A Webby, 1973 pl. 1952 fig. 31 (Ll 0.094 0 0.052 
Remopleurides sp_. A Webby, 1973 pl. 1952 fig. 31 (R) 0.116 0.008 0.058 
A 3-D graph of these results is presented in figure 5.7 (which uses the same key as 
figures 5.8, 5.9 and 5.10). It shows that most of the ten symmetrical pairs were 
closely plotted in shape space. However, some were more distant. Two-dimensional 
graphs were used to examine the positions in more detail and the images were then 
consulted in order to identify any specific reasons for the failure of the assumption. 
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Figure 5.7: 3-D Graph of Bilateral Symmetry ES-1 to ES-3 
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Figure 5.9: Graph of Bilateral Symmetry ES-1 vs ES-3 
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Figure 5.10: Graph of Bilateral Symmetry ES-2 vs ES-3 
In each of these graphs, two or three of the lines connecting the pairs cross, showing 
a significant dissimilarity. However, the majority of symmetry pairs plot in close 
proximity. The three taxa which do not plot out distinctly are: Remopleurides simulus 
(from Whittington, 1959, pl. 17 fig. 15), Remopleurides canadensis (from Chatterton 
and Campbell, 1993, fig. 4f) and Remopleurides plaesiourus (from Whittington 
1959, pl. 5 fig. 14). 
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Considering the first of these problematic taxa in more detail and re-examining the 
terrace ridge traces, some assumptions were made about the ridge patterns on this 
image of Remopleurides simulus (from Whittington, 1959 pl. 17 fig. 15), due to faint 
areas, especially on the axis and left side, resulting in a slightly different shaped trace 
on the left side. It is likely that these slight variations were enough to cause overlap 
in such a closely related group of specimens. The lesson to be learned here is that 
the image quality needs to be very good, especially when comparing similar forms. 
In the case of Remopleurides canadensis (from Chatterton and Campbell, 1993 fig. 
4f) the image was actually slightly offset and tilted, and the traces did not start from 
the exact midpoints. Again, this emphasises the need for extreme care in producing 
the terrace ridge traces. Remopleurides plaesiourus (Whittington, 1959, pl. 5 fig. 14) 
is genuinely asymmetrical. This is unusual; most terrace ridges appear to be broadly 
bilaterally symmetrical, and minor variations are generally compensated for in the 
abstraction process, but caution should be exercised in making major assumptions 
where data are missing. 
5.2.3 Second run of Bilateral Symmetry Study 
On examination of the results of the bilateral study, it was observed that some of the 
data confusion, where one trilobite's pair of points overlapped with another's, may 
have been related to the small original image size. It was decided to repeat the study 
on those images where the lines were quite small, zooming in on the lines and re-
digitising them at higher magnification. 
Table 5.5: Eigenvalue Table for Bilateral Symmetry (second run) 
E~ensha_I!_e Eigenvalues Total variance (o/o) Cum. Variance(
0/o) 
1 1.891 79.446 79.446 
2 0.088 3.709 83.155 
3 0.075 3.165 86.32 
4 0.053 2.233 88.553 
5 0.036 1.504 90.057 
6 0.031 1.293 91.35 
7 0.026 1.097 92.447 
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8 0.025 1.04 93.487 
9 0.022 0.93 94.417 
10 0.021 0.889 95.306 
l l 0.018 0.772 96.077 
12 0.016 0.668 96.745 
13 0.014 0.571 97.316 
14 0.013 0.529 97.845 
15 0.012 0.484 98.329 
16 0.01 0.409 98.738 
17 0.009 0.39 99.128 
18 0.008 0.32 99.448 
19 0.007 0.289 99.738 
20 0.006 0.262 100 
Table 5.6: Covariance scores for bilateral symmetry study (second run) 
ES-1 ES-2 ES-3 
Remopleurides canadensis Chatterton & Campbell , 1993 fig,. 4f (L) 0.247 0.046 -0.027 
Remopleurides canadensis Chatterton & Campbell , 1993 fig. 4f (R) 0.3 0.032 -0.155 
Remopleurides canadensis Shaw, 1968 pl. 2 fig. 7 (L) 0.28 -0.015 0.026 
Remopleurides canadensis Shaw, 1968 pl. 2 fig. 7 (R) 0.197 0.007 -0.015 
Remopleurides caphyroides Whittington, 1959 pl. 9 fig. I I (L) 0.328 0.052 -0.067 
Remop/eurides caphyroides Whittington, 1959 pl. 9 fig. II (R) 0.326 0.07 -0.05 
Remopleurides eximius Whittington, 1959 pl. 15 fig. 16 (L) 0.3 18 0.06 0.066 
Remopleurides eximius Wh ittington, 1959 pl. 15 fig. 16 (R) 0.272 0.042 0.031 
Remopleurides pallersoni Chatterton & Ludvigsen, 1976 pl. I fig. 3 I (L) 0.354 0.032 0.008 
Remop/eurides pallersoni Chatterton & Ludvigsen, 1976 pl. I fig. 3 1 (R) 0.356 -0.069 0.098 
Remopleurides pattersoni Chatterton & Ludvigsen, 1976 pl. I fig. 35 (L) 0.29 0.035 -0.006 
Remopleurides pallersoni Chatterton & Ludvigsen, 1976 pl. I fig. 35 (R) 0.347 0.044 0.01 
Remop/eurides pallersoni Chatterton & Campbell, 1993 fig. 48 (L) 0.331 0.041 0.03 
Remop/eurides pa/lersoni Chatterton & Campbell, 1993 fig. 48 (R) 0.358 -0.049 0.061 
Remopleurides plaesiourus Whittington, 1959 pl. 5 fig. 14 (L) 0.323 -0.006 0.065 
Remopleurides p/aesiourus Whittington, 1959 pl. 5 fig. 14 (R) 0.331 -0.053 0.053 
Remop/eurides simulus Whittington, 1959 pl. 17 fig. 15 (L) 0.32 1 0.046 -0.058 
Remopleurides simulus Whittington, 1959 pl. 17 fig. 15 (R) 0.272 -0.0 1 0.0 15 
Remopleurides sp. A Webby, 1973 p l. 1952 fig. 3 1 (L) 0.276 -0. 17 1 -0. 109 
Remopleurides sp. A Webby, 1973 pl. 52 fig. 3 1 (Rl 0.269 -0.157 -0.026 
The taxa listed in blue are those where the lines were magnified and re-digitised. In 
the case of Remopleurides pattersoni (Chatterton and Campbell , 1993 fig. 4B, shown 
in red) the original image was cropped and reprinted at higher magnification. The 
ridge traces were re-drawn and re-digitised and it was evident before even running 
the analysis that the terrace ridge abstraction process was more accurate and 
straightforward, with much more detail being visible. 
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It is worth noting that, for this repeat run, the EEA required twenty eigenshapes to 
fully describe the variation in shapes within the sample, taking ten eigenshapes to 
pass 95%. This implies that the second run, designed to make a fairer comparison 
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Figure 5. 14: Graph of Bilateral Symmetry (second run) ES-2 vs ES-3 
It can be observed that the amount of data confusion in this repeated study is at least 
that of the first run, but in different ways. Something in the technique of zooming 
and re-digitisation may have caused further differences between the line pairs. On 
examination of a graphical trace of the coordinate data for the left side of 
Remopleurides canadensis (Shaw 68, pl. 2 fig. 7), which is shown reversed here 
before and after magnifying the traces (figures 5. 15 and 5 .16), it can be seen that 
great deal of erroneous data, associated with small vibrations in the pen stroke have 
been included. This is clearly unwanted, and suggests that whilst large, clear images 
are best, it is better to trace small images at actual size than to magnify line traces. 
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Figure 5.16: Magnified lines of Remopleurides canadensis Shaw 68 pL 2 fig. 7 (reversed left side) 
The separations of the pairs of data for the left and right sides of each taxon were 
calculated, to consider whether the second attempt had resulted in the pairs plotting 
closer to each other. 3D Pythagoras was used to calculate these distances in 3-
dimensional shape space: 
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The results of these calculations are shown in tables 5.4 and 5.5, with the colour 
codings as described in table 5.4. 
Table 5.7: Calculation of Separation of Pairs in Bilateral study 
Trilobite pairs Distance 
Remopleurides canadensis Chatterton & Campbell, 1993, fig. 4f 0.085076 
Remopleurides canadensis Shaw, 1968 pl. 2 fig. 7 0.063984 
Remopleurides caphyroides Whittington, 1959 pl. 9 fig. 11 0.056551 
Remopleurides eximius Whittington, 1959 pl. 15 fig. 16 0.045266 
Remopleurides pattersoni Chatterton & Ludvigsen, 1976 pl. 1 fig. 31 0.101558 
Remopleurides pallersoni Chatterton & Ludvigsen, 1976 pl. 1 fig. 35 0.097026 
Remopjeurides pallersoni Chatterton & Campbell, 1993, fig. 4B 0.063585 
Remopleurides plaesiourus Whittington, 1959 pl. 5 fig. 14 0.156224 
Remopleurides simulus Whittington, 1959 pl. 17 fig. 15 0.062714 
Remopleurides sp. A Webby, 1973 pl. 52 fig. 31 0.024166 
Average separation: 0.075615 
Table 5.8: Calculation of Separation of Pairs in Bilateral study (second run) 
Trilobite pairs Distance 
Remopleurides canadensis Chatterton & Campbell, 1993, fig. 4f 0.139244 
Remopleurides canadensis Shaw, 1968 pl. 2 fig. 7 0.095153 
Remopleurides caphyroides Whittington, 1959 pl. 9 fig. 11 0.024839 
Remopleurides eximius Whittington, 1959 pl. 15 fig. 16 0.060539 
Remopleurides pattersoni Chatterton & Ludvigsen, 1976 pl. 1 fig. 31 0.135296 
Remopleurides pattersoni Chatterton & Ludvigsen, 1976 pl. I fig. 35 0.059883 
Remopleurides pattersoni Chatterton & Campbell, 1993, fig. 4B 0.098944 
Remopleuridespjaesiourus Whittington, 1959 pl. 5 fig. 14 0.049163 
Remopleurides simulus Whittington, 1959 pl. 17 fig. 15 0.10424 
Remopleurides sp. A Webby, 73 pl. 1952 fig. 31 0.084463 
Average separation: 0.085176 
Care should be taken when comparing these two tables directly as, when the EEA is 
re-run, the axes and therefore entire shape-space is re-defined. The magnitudes do 
however give an indication of the relative separation of paired points, and the 
average separation is slightly greater for the second run where shape space is larger 
and there is more variation. 
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5.3 Conclusions and Recommendations from 
Methodological Trial Studies 
It is apparent from these simple trial studies that there are several methodological 
constraints to be considered when undertaking the major studies. The tracing and 
analysis techniques have been shown, in terms of measurement error, to be of 
sufficient accuracy. However, common sense precautions must be observed when 
producing the terrace ridge traces: good quality images must be used and printed out 
as large as possible to remove the need for magnification. Tracing paper (non-
absorbent) and a permanent pen (over the original pencil tracings) are used in this 
study; this is viewed as advantageous as the line traces need to have crisp edges for 
digitisation. 
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6 Major Study 1 - Pygidial Doublure 
6.1 Introduction 
217 images of terrace ridges on the pygidial doublure were traced and digitised as in 
the pilot study as described in chapter 3. The methodology was the same as that 
outlined in chapter 3, although only three lines were used, and the pygidial outline 
was omitted. Examples of terrace ridges from 11 subfamilies/families within 3 
superfamilies within the Asaphida were analysed, as is shown in this table: 
Table 6.1 Classification of images used in Pygidial Doublure study 
Subfamily Family Superfamily 
total total total 
Superfamily Asapboidea 131 
Family Asaphidae 131 
Subfamily Asaphinae 40 
Subfamily Birmanitinae 24 
Subfamily Isotelinae 20 
Subfamily Megistaspidinae 10 
Subfamily Niobinae 22 
Subfamily Ogygiocaridinae 15 
Superfamily Cyclopygoidea 55 
Family Cyclopygidae 20 
Family Nileidae 35 
Superfamily Remopleuridoidea 31 
Family Remopleurididae 21 
Subfamily Remopleuridinae 21 
Family Kainellidae 10 
Subfamily Apatokephalinae 7 
Subfamily Richardsonellinae 3 
Total number of images analysed 217 
Heuristics for production of the terrace ridge array 
The uppermost curve followed the terrace ridge that most closely approached the 
axial region, or where this ridge was not sufficiently continuous, the nearest ridge 
that continued distally to the margin. For the lowermost curve the ridge that most 
closely approached the margin was traced. The middle curve summarised terrace 
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ridge behaviour in the middle area of the doublure. The ridge that started on the axis 
closest to the midpoint between the uppermost and lowermost curve, and again 
reached the margin, was followed as the middle curve. For reasons of 
correspondence it is necessary to have all three lines of roughly equal length. (See 
Appendix D for an example of the terrace ridge tracing.) 
6.2 Results and Discussion across the Population 
Table 6.2: Asaphoidea Pygidial Doublure data set with eigenscores 
Subfamily Species Reference Mode ES-1 ES-2 ES-3 
Asaphinae Asaphus (Asaphus acuminatus Nielsen, 1995 fig. 67F Benthic 0.198 0.03 0.087 
Asaphinae Asaphus (Asaphus acuminatus Nielsen, 1995 fig. 67H Benthic 0.276 0.017 0 
Asaphinae Asaphus (Asaphus fa/lax Nielsen, 1995 _Q). 620 Benthic 0.155 -0.143 0.114 
AsaQ_hinae Asaphus (Asaphus incertus Nielsen, 1995 pl. 74C Benthic 0.162 -0.053 0.041 
AsBQ_hinae Asaphus (Asaphus) /epidurus Nielsen, 1995 pl. 63B Benthic 0.344 0.063 0.079 
Asaphinae Asaphus (Asaphus lepidurus Nielsen, 1995 pl. 630 Benthic 0.272 0.032 0.004 
Asaphinae Asaphus (Asaphus maxim us Nielsen, 1995 fig. 77G Benthic 0.203 -0.08 0.034 
Asaphinae Asaphus (Asaphus maxim us Nielsen, 1995 fig. 77H Benthic 0.272 -0.022 0.037 
Asaphinae Asaphus (Asaphus ranicep_s Nielsen, 1995 fig. 76C Benthic 0.199 -0.097 0.117 
Asaphinae Asaphus (Asaphus) 'raniceps' sensu Schmidt, 1901 pl. 2 Benthic 0.254 0.013 0.026 
fig. 3 
AsaQ_hinae Asaphus (Asaphus sp. VVand~, 1984p1.3B Benthic 0.235 -0.063 -0.025 
Asaphinae Asaphus ( Asaphus striatus Nielsen, 1995 fig. 70G Benthic 0.134 -0.178 0.118 
Asaphinae Asaphus (Asaphus stria/us Nielsen, 1995 fig. 710 Benthic 0.156 -0.101 0.04 
Asaphinae Asaphus (Asaphus stria/us VVand~, 1984_Q). IH Benthic 0.1 -0.168 0.126 
Asaphinae Asaphus (Asaphus stria/us VVand~, 1984p1.2F Benthic 0.166 -0.097 0.111 
Asaphinae Asaphus (Aspahus expansus Nielsen, 1995 fig. 61 C Benthic 0.181 0.026 0.061 
AsBQ_hinae Asaphus (Aspahus) expansus Nielsen, 1995 fig. 610 Benthic 0.308 0.056 0.033 
Asaphinae Asaphus (Neoasaphus) cornutus Schmidt, 1901 pl. 4 Benthic 0.292 0.057 0.035 
fig. 5 
Asaphinae Asaphus (Neoasaphus) heintzi Henningsmoen, 1960 Benthic 0.209 0.044 0.031 
pl. 7 fig. 1 
Asaphinae Asaphus (Neoasaphus) knyrkoi Schmidt, 1901 fig. 31 Benthic 0.076 -0.128 0.107 
p44 
Asaphinae Asaphus (Neoasaphus) Schmidt, 1901 pl. 3 Benthic 0.28 -0.045 0.027 
/atisegmentatus fig. 3 
Asaphinae Asaphus (Neoasaphus) latus Schmidt, 190 1 pl. 6 Benthic 0.283 0.073 0.003 
fig. 5 
Asaphinae Asaphus (Neoasaphus) ornatus Schmidt, 190 1 fig. 41 Benthic 0.306 0.03 0.03 
Asaphinae Asaphus (Neoasaphus) p/atyurus Schmidt, 1901 pl. 3 Benthic 0.257 0.021 0.005 
latigena fig. 6 
Asaphinae Asaphus (Postasaphus) kege/ensis Schmidt, 1901 pl. 8 Benthic 0.232 -0.037 0.051 
fig. 18 
Asaphinae Asaphus sp. Schmalfuss, 1981 fig. Benthic 0.387 -0.037 -0.033 
lA 
Asaphinae Lachnostoma /atucelsum Fortey & Oroser, 1999 Benthic 0.214 -0.013 -0.039 
fig. 7.13 
Asaphinae Mioptychopyge trinodosa Zhou Zhiyi eta/., 1998 Benthic 0.165 -0.17 -0.004 
pl. 3 fig. 6 
Asaphinae Ogmasaphus kiaeri Henningsmoen, 1960 Benthic 0.262 0.032 0.067 
pl. 10 fig. 10 
Asaphinae Ogmasaphus praetextus Jaanusson, I I 953 pl. 5 Benthic 0.181 -0.07 0.043 
fig. 1 
Asaphinae P/atyptychopyge quadrata Lin eta/., 2000 pl. 2 Benthic 0.353 0.024 -0.03 
fig.8 
Asaphinae Pseudoasaphinus Schmidt, 1904 pl. 3 Benthic 0.216 -0.077 0.096 
(Pseudoasaphoides) katlinoensis fig. Ia 
Asaphinae Pseudoasaphinus tecticaudatus Balashova, 1976 pl. 4 Benthic 0.262 -0.082 0.069 
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fig. 7 
Asaphinae Pseudoasaphinus tecticaudatus Schmidt, 1904 fig. 3 Benthic 0.234 -0.108 0.001 
p)6 
Asaphinae Pseudoasaphinus tecticaudatus Schmidt, 1904 pl. 3 Benthic 0.382 -0.003 -0.083 
fig. 3 
Asaphinae Pseudoasaphus (Pseudoasaphoides) Schmidt, 1904 pl. 2 Benthic 0.225 -0.069 0.055 
praecurrens fig. 3 
Asaphinae Pseudoasaphus (Pseudoasaphus) Schmidt, 1904 fig. I Benthic 0.151 -0.16 0.064 
f{lobifrons p9 
Asaphinae Pseudoasaphus (Pseudoasaphus) Schmidt, 1904 pl. I Benthic 0.252 -0.033 0.087 
g/obifrons fig. I 
Asaphinae Pseudoasaphus (Pseudoasaphus) Schmidt, 1904 pl. I Benthic 0.223 -0.117 0.074 
g/obifrons fig.2 
Asaphinae Pseudoasaphus aciculatus Jaanusson I, 1953 pl. 4 Benthic 0.297 -0.039 0.078 
fig.4 
Binnanitinae Basilicus tyrannus Salter, 1866 pl. 22 fig. Benthic 0.213 -0.204 -0.074 
10 
Binnanitinae Basiliella carina/a Harrington & Leanza, Benthic 0.216 0.002 0.061 
1957 fig. 62.8 
Binnanitinae Birmaniles carinatus Lu eta/., 1976 pl. X Benthic 0.087 -0.203 0.098 
fig. 7 
Binnanitinae Birmanites hupeiensis Lin, 2000 pl. I fig. 4 Benthic 0.276 0.002 -0.023 
B inn an itinae Birmanites hupeiensis Lu, 1975 pl. VIII fig. 5 Benthic 0.254 -0.023 -0.161 
B inn an itinae Birmaniles hupeiensis Zhou Zhiyi eta/., 1984 Benthic 0.268 0.026 0.036 
fig. 3J 
B inn an itinae Birmaniles hupeiensis c/arus Koroleva, 1988 pl. I Benthic 0.192 -0.094 -0.045 
fig. 3 
Binnanitinae Birmanites yangtzeensis Lu, 1975 pl. IX fig. 3 Benthic 0.21 -0.121 -0.09 
Binnanitinae Birmanites yangtzeensis Lu, 1975 pl. IX fig. 4 Benthic 0.154 -0.152 -0.016 
B inn an itinae Isabelinia glabrata Lebrun, 2002 fig. 2. 72 Benthic 0.253 0.036 0.023 
Binnanitinae Isabelinia glabrata Rabano, 1989 pl. 6 fig. Benthic 0.209 0.028 0.053 
10 
Binnanitinae lsabelinia glabrata Rabano, 1989 pl. 6 fig. Benthic 0.262 0.036 0.014 
2 
B inn an itinae Nobiliasaphus hammanni Rabano, 1989 pl. 4 fig. Benthic 0.294 0.006 0.032 
4 
Binnanitinae Nobiliasaphus nobi/is Pribyl & Van~k. 1976 Benthic 0.313 0.05 0.039 
pl. 5 fig. I 
B inn an itinae Opsimasaphus kielanae Pek & Prokop, 1990 Benthic 0.27 0.036 0.007 
pl. I fig. 5 
B inn an itinae Opsimasaphus kielanae Pek & Prokop, 1990 Benthic 0.247 0.002 0.058 
pl. I fig. 6 
B inn an itinae Opsimasaphus latus Kielan, 1959 pl. 6 fig. Benthic 0.217 0.039 0.043 
I 
B inn an itinae Opsimasaphus sp. Salter, 1866 pl. 18 fig. Benthic 0.132 -0.061 0.05 
2 
Binnanitinae Opsimasaphus sp. Salter, 1866 pl. 18 fig. Benthic 0.272 0.071 0.072 
4 
Binnanitinae Pseudobasilicus fortis Webby, 1973 pl. 53 Benthic 0.234 -0.052 0.012 
fig. 23 
B inn an itinae Pseudobasilicus perstriatus WandAs, 1984 pl. 40 Benthic 0.222 -0.217 -0.054 
Binnanitinae Pseudobasilicus sp. Schmidt, 1904 pl. 4 Benthic 0.247 -0.164 0.042 
fig. 13 
lsotelinae Asaphellus aspinus Robison & Pantoja- Benthic 0.227 -0.085 0.063 
Alors, 1968 pl. 98 fig. 
5 
lsotelinae Asaphellus cianus Rabano, 1989 pl. 8 fig. Benthic 0.219 -0.12 0 
4 
lsotelinae Asaphellus emanuelensis Legg, 1976 pl. 3 fig. Benthic 0.215 0.006 0.032 
16 
lsotelinae Asaphellus jezouataensis Vidal, 1996 pL fig. 4 Benthic 0.332 0.066 -0.077 
lsotelinae Asaphellus sp. Gjessing, 1976 pl. 8 Benthic 0.235 0.017 0.05 
fig.E 
lsotelinae Bellefontia gyracantha Westrop & Knox, Benthic 0.293 0.075 0.016 
1993 pl. 2 fig. 15 
lsotelinae Bellefontia ibexensis Hintze, 1952 pl. IV Benthic 0.191 0.03 0.028 
fig. 5b 
lsotelinae Go/asaphus momedahensis Shergold, 1971 pl. II Benthic 0.228 0.048 0.037 
fig. 5 
lsotelinae Golasaphus simus Shergold, 1975 pl. 55 Benthic 0.166 0.032 0.106 
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fig. 4 
lsotelinae Homa/opyge stacyi Schmidt, 190 1 pl. 9 Benthic 0.173 0.013 0.009 
fig. 10 
lsotelinae /sole/us gigas Rudkin & Tripp, 1989 Benthic 0.252 0.077 -0.011 
pl. 3 fig. 8 
lsotelinae /sole/us rex Rudkin eta/., 2003 Benthic 0.177 -0.08 0.128 
fig. 7.5 
lsotelinae MeKalaspides taningensis Lu, 1975 pl. Xll fig. 9 Benthic 0.156 0.001 0.038 
Isotelinae Presbyni/eus glaber Fortey, 1975 pl. 9 fig. Benthic 0.193 -0.093 -0.118 
3 
lsotelinae Presbynileus ibexensis Hintze, 1952 pl. XII Benthic 0.078 0.006 0.07 
fig. lOa 
Isotelinae Pseudogygiles arcticus Bolton, 2000 pl. 38 Benthic 0.301 0.1 0.051 
fig. 11 
lsotelinae PseudoKYKiles hudsoni Bolton, 2000 fig. 3d Benthic 0.241 0.115 0.021 
lsotelinae PseudOKYKiles latimarginatus Babcock, 1993 fig. 3.3 Benthic 0.211 0.085 0.044 
Isotelinae Pseudogygiles /alimarginatus Ludvigsen, 1979 fig. Benthic 0.267 0.12 0.048 
5E 
lsotelinae Ptyocephalus ace/iva Hintze, 1952 pl. XIV Benthic 0.221 -0.106 -0.136 
fig. 17a 
Isotelinae Ptyocephalus yersini Hintze, 1952 pl. XIV Benthic 0.244 -0.03 -0.088 
fig. 15a 
lsotelinae Stegnopsis huttoni Whittington, 1965 pl. Benthic 0.215 0.029 0.072 
23 fig. 2 
Megistaspidinae Emanue/aspis (Emanuelina) expansa Laurie & Shergold, Benthic 0.181 0.094 -0.06 
1996 pl. 15 fig. 4 
Megistaspidinae Emanuelaspis (Emanue/ina) Laurie & Shergold, Benthic 0.196 0.004 -0.141 
pecu/iaris 1996 pl. 13 fig. 4 
Megistaspidinae Megistaspidella c( triangularis Nielsen, 1995 fig. Benthic 0.143 -0.007 0.034 
121C 
Megistaspidinae Megistaspidel/a longicauda Schmidt, 1906 fig. 31 Benthic 0.22 0.07 0.048 
Megistaspidinae Megistaspidella /ongicauda Schmidt, 1906 pl. 8 Benthic 0.216 0.055 0.053 
fig.5 
Megistaspidinae Megistaspis (Megistaspis) geminus Nielsen, 1995 fig. Benthic 0.256 0.1 0.01 
lOSE 
Megistaspidinae MeKistaspis (MeKistaspis) /imbata Nielsen, 1995 fig. 91A Benthic 0.272 0.067 0.013 
Megistaspidinae MeKistaspis (Megistaspis) limbata Nielsen, 1995 fig. 99B Benthic 0.211 0.09 0.044 
Megistaspidinae Pseudomegalaspis formosa Neben & Krueger, Benthic 0.245 0.131 0.053 
1973 pl. 24 fig. 7 
Megistaspidinae Rhinoferus (Lawiaspis) gibba Schmidt, 1906 fig. 18 Benthic 0.211 0.02 0.05 
Niobinae Gog ca til/us Fortey, 1975 pl. 1 fig. Benthic 0.173 -0.02 0.018 
1 
Niobinae Gog exp/anatus Nielsen, 1995 fig. Benthic 0.257 0.036 -0.037 
142G 
Niobinae Gog explanatus Nielsen, 1995 fig. Benthic 0.278 0.015 -0.018 
142J 
Niobinae Niobe (Niobe) insignis Ebbestad, 1999 pl. Benthic 0.248 -0.045 0.036 
48A 
Niobinae Niobe (Niobe) insignis Ebbestad, 1999 pl. Benthic 0.022 -0.135 0.066 
48C 
Niobinae Niobe (Niobe) schmidti Nielsen, 1995 fig. Benthic 0.158 -0.097 -0.001 
131B 
Niobinae Niobe (Proxiniobe) sp. Hoel, 1999 fig. 11 H Benthic 0.352 0.042 -0.086 
Niobinae Niobe kameevae Balashova, 1976 pl. 38 Benthic 0.231 -0.012 -0.038 
fig. I 
Niobinae Niobe /aeviceps Skjeseth, 1952 pl. 2 Benthic 0.177 -0.016 -0.006 
fig. 12 
Niobinae Niobe quadraticaudata Whittington, 1965 pl. Benthic 0.115 -0.16 -0.029 
26 fig. 5 
Niobinae Niobe schmidti Balashova, 1976 pl. 39 Benthic 0.253 -0.018 -0.049 
fig. 2b 
Niobinae Niobella birchensis Bao eta/., 2000 pl. 4 Benthic 0.212 0.03 -0.006 
fig. I 
Niobinae Niobella birchensis Bao eta/., 2000 pl. 4 Benthic 0.237 0.001 0.088 
fig. 2 
Niobinae Niobel/a c( plana Nielsen, 1995 fig. Benthic 0.248 0.007 -0.039 
138G 
Niobinae Niobe /Ia cf. plana Nielsen, 1995 fig. Benthic 0.201 -0.051 -0.023 
138H 
Niobinae Niobella cf. plana Nielsen, 1995 fig. Benthic 0.195 -0.029 -0.057 
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1400 
Niobinac Niobella eudelop/eura Ebbcstad, 1999 pl. Benthic 0.274 -0.079 -0.015 
500 
Niobinac Niobel/a impari/imbata Nielsen, 1995 fig. Benthic 0.221 0.074 0.011 
1350 
Niobinae Niobel/a impari/imbata Nielsen, 1995 fig. Benthic 0.212 0.027 0.051 
135E 
Niobinae Niobella imparilimbata Nielsen, 1995 fig. Benthic 0.178 -0.014 0.01 
1360 
Niobinae Niobella imparilimbata Nielsen, 1995 fig. Benthic 0.159 -0.039 -0.03 
136H 
Niobinae Niobel/a lindstroemi Nielsen, 1995 fig. Benthic 0.161 -0.048 -0.013 
132F 
Ogygiocaridinae Araiocaris araiorhachis Waisfeld & Vaccari, Benthic 0.253 -0.083 0.027 
2003 plt23 figl7 
Ogygiocaridinae Ogyginus corndensis Levi-Setti, 1993 pl. Benthic 0.3 0.109 0.009 
138 
Ogygiocaridinae Ogyginus forteyi Rabano, 1989 pl. I 0 Benthic 0.139 0.005 0.039 
fig. 7 
Ogygiocaridinae Ogyginus intermedius Levi-Setti, 1993 pl. Benthic 0.214 0.041 -0.011 
139 
O_ID'giocaridinae Ogygiocarel/a angustissima Hughes, 1979 fig. 99 Benthic 0.37 0.126 -0.058 
Ogygiocaridinae Ogygiocarella debuchii Whittard, 1964 pl. Benthic 0.227 0.044 -0.009 
XLIV fig. 2 
Ogygiocaridinae Ogygiocarella debuchii Whittard, 1964 pl. Benthic 0.269 0.047 0.021 
XLIV fig. I 
Ogygiocaridinae Ogygiocaris araiorhachis Harrington & Leanza, Benthic 0.276 0.082 0.05 
1957 fig. 71.5 
Ogygiocaridinae Ogygiocaris dilatata Henningsmoen, 1960 Benthic 0.262 0.037 0.019 
pl. 2 fig. 4 
Ogygiocaridinae Ogygiocaris sarsi sarsi Henningsmoen, 1960 Benthic 0.284 0.11 0.009 
pl. 4 fig. 10 
Ogygiocaridinae Ogygiocaris seavil/i Whittard, 1964 pl. XL Benthic 0.192 0.047 0.063 
fig. 4 
Ogygiocaridinae Ogygiocaris strio/ata striolata Henningsmoen, 1960 Benthic 0.311 0.095 0.005 
pl. 3 fig. 8 
Ogygiocaridinae Ogygiocaris yunnanensis Sun, 1931 pl. I fig. 4d Benthic 0.282 -0.03 -0.019 
Ogygiocaridinae Ogygiocaris yunnanensis Sun, 1931 pl. I fig. 4e Benthic 0.224 -0.088 -0.003 
Ogygiocaridinae Ogygiocaris yunnanensis Sun, 1931 pl. I fig. 4h Benthic 0.245 0.015 0.005 
Table 6.3: Cyclopygoidea Pygidial Doublure data set with eigenscores 
Family Species Reference Mode ES-1 ES-2 ES-3 
Cyclopygidae Cyc/opyge aff. grandis BOS Specimen no. RX2775 Pelagic 0.299 0.104 0.052 
Cyclopygidae Cyclopygid D Whittard, 1964 pl. L fig. I Pelagic 0.255 0.118 0.033 
Cyclopygidae Cyclopygid E Whittard, 1964 pl. XLIX fig. Pelagic 0.384 0.166 0.057 
15 
Cyclopygidae Degamella princeps princeps Marek, 1961 pl. 4 fig. 7 Pelagic 0.192 0.049 -0.004 
Cyclopygidae Degamella wattisoni Owens, 2002 pl. I fig. I Pelagic 0.285 0.125 0.029 
Cyclopygidae Degamella wattisoni Owens, 2002 pl. I ftg. 4 Pelagic 0.244 0.109 0.04 
Cyclopygidae Degamella wattisoni Owens, 2002 pl. I fig. 7 Pelagic 0.307 0.134 0.043 
Cyclopygidae Emmrichops extensus Hughes, 1979 fig. 4 Pelagic 0.093 -0.06 0.031 
Cyclopygidae Heterocyclopyge nigra Owens, 2002 pl. 3 fig. I Pelagic 0.205 0.068 0.017 
Cyclopygidae Heterocyclopyge nigra Owens, 2002 pl. 3 fig. 3 Pelagic 0.203 0.08 -0.033 
Cyclopygidae Microparia (Microparia) p/asi Marek, 1961 pl. 3 fig. 23 Pelagic 0.256 0.086 -0.059 
Cyclopygidae Microparia (Microparia) porrecta Fortey & Owens, 1987 fig. Pelagic 0.149 0.025 -0.001 
46c 
Cyclopygidae Microparia (Microparia) teretis Fortey & Owens, 1987 fig. Pelagic 0.228 0.059 -0.084 
49b 
Cyclopygidae Microparia nudus Whittard, 1961 pl. XXIV fig. Pelagic 0.102 0.06 0.02 
10 
Cyclopygidae Microparia speciosa Kielan, 1959 pl. I 0 fig. 9 Pelagic 0.251 0.071 -0.027 
Cyclopygidae Novakella copei Fortey & Owens, 1987 fig. Pelagic 0.209 0.11 0.018 
52b 
Cyclopygidae Prospectatrix genatenta BMNH Specimen no. Pelagic 0.238 0.165 0.025 
In26016 
Cyclopygidae Prospectatrix genatenta Fortey, 1981 pl. I fig. b Pelagic 0.242 0.165 0.009 
Cyclopygidae Symphysops firmus Koroleva, 1982 pl. 25 fig. II Pelagic 0.207 0.104 0.033 
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Cyclopygidae 7 Cyclopygid E Whittard, 1964 pl. XLIX fig. 
14 
Pelagic 0.312 0.165 0.045 
Nilcidac Barrandia Q[ cordia Hug hes, 1979 fig. 125 Benthic 0.239 -0.03 -0.05 
Nileidae Barrandia expansa Hug hes, 1979 fig. 128 Benthic 0.276 0.024 -0.099 
Nilcidae Homa/opteon murchison; Hug hes, 1979 fig. 161 Benthic 0.27 0.054 -0.039 
Nileidae Nileus affinis Whittington, 1965 pl. 31 fig. Benthic 0.105 -0.131 0.064 
10 
Nileidae Nileus armadillo Nielsen, 1995 fig. 148K Benthic 0.195 -0.119 -0.013 
Nileidae Ni/eus armadillo N ielscn, 1995 fig. 149L Benthic 0.216 -0.237 -0.037 
Nileidae Ni/eus armadillo Nielsen, 1995 fig. 149M Benthic 0.198 -0.188 -0.102 
Nileidae Nileus armadillo Nielsen, 1995 fig. 1500 Benthic 0.176 -0.288 -0.002 
Nileidae Nileus depressus depressus Nielsen, 1995 fig. 182H Benthic 0.169 -0.175 0.016 
Nileidae Ni/eus depressus depressus Nielsen, 1995 fig. 1821 Benthic 0.157 -0.116 0.021 
Nileidae Nileus depressus depressus Nielsen, 1995 fig. 182J Benthic 0.131 -0.162 0.03 
Nileidae Nileus depressus schranki Nielsen, 1995 fig. 1930 Benthic 0.118 -0.221 0.07 
Nileidae Ni/eus depressus schranki Nielsen, 1995 fig. 193H Benthic 0.165 -0.051 -0.011 
Nileidae Nileus depressus schranki Nielsen, 1995 fig. 1931 Benthic 0.116 -0.256 0.051 
Nileidae Ni/eus depressus subsp A Nielsen, 1995 fig. 2050 Benthic 0.109 -0.196 -0.003 
Nileidae Nileus g/azialis costatus Fortey, 1975 pl. I 0 fig. 17 Benthic 0.104 -0.129 0.011 
Nileidae Ni/eus huanxianensis Zhou Zhiyi & Dean, 1986 pl. Benthic 0.218 -0.126 -0.001 
60 fig. 3 
Nileidae Ni/eus imp/exus Nielsen, 1995 fig. 208L Benthic 0.088 -0.137 0.076 
Nileidae Nileus /atifrons Nielsen, 1995 fig.I58F Benthic 0.188 -0.243 -0.061 
Nileidae Ni/eus nileonis Han, 1984 _QI. I fig. 2 Benthic 0.208 0.002 -0.057 
Nileidae Nileus orbiculatoides Nielsen, 1995 fig. 172J Benthic 0.1 -0.286 -0.038 
Nileidae Ni/eus orbiculatoides Nielsen, 1995 fig. 172K Benthic 0.159 -0.183 0.018 
Nileidae Ni/eus orbiculatoides Nielsen, 1995 fig. 172L Benthic 0.181 -0.197 -0.005 
Nileidae Nileus orbiculatoides svalbardensis Fortey, 1975 pl. II fig. I 0 Benthic 0.223 -0.093 -0.04 
Nileidae Nileus sp. Benedetto et a/., 1986 pl. 2 Benthic 0.207 -0.059 -0.014 
fig. 10 
Nileidae Ni/eus so. Burett eta/., 1983 f~. 12F Benthic 0.232 -0.05 -0.023 
Nileidae Nileus teres Ingham, 1991 fig. 5i Benthic 0.213 -0.1 -0.05 
Nileidae Ni/eus wa/colli Zhou Zhiyi eta/., 1998 pl. 5 Benthic 0.185 -0.121 -0.009 
fig. II 
Nileidae Peraspis erugata Fortey, 1975 pl. 19 fig. 2 Benthic 0.284 0.097 -0.024 
Nileidae Peraspis yukonensis Dean, 1973 pl. 4 fig. 2 Benthic 0.213 -0.102 0.035 
Nileidae P oroni/eus fistulosus Fortey & Droser, 1999 fig. Benthic 0.217 -0.002 -0.031 
7.10 
Nileidae Poroni/eus vallencei Fortey, 1975pl. 18 f1_g_. 16 Benthic 0.19 -0.076 -0.031 
Nileidae Symp) ~suruspannuceus Dean, 1973 pl. 8 fig. II Benthic 0.17 0.074 0.011 
Nileidae Symp) 1ysurus sp. Dean, 1973 pl. 3 fig. I 0 Benthic 0.193 -0.007 0.003 
Nileidae SympJ 1ysurus sp. Dean, 1973 pl. 3 fig. 5 Benthic 0.032 -0.062 0.069 
Table 6.4: Remopleuridoidea Pygidial Doublure data set with eigenscores 
Subfamily Species Reference Mode ES-1 ES-2 ES-3 
Apatokephalinae Apatokephalus /atilimbatus Peng, 1990b Ql. II fig. 13 Benthic 0.188 0.026 -0.038 
Apatokephal inae Apatokepha/us serratus Ebbestad, 1999 fig. 420 Benthic 0.229 -0.039 -0.121 
Aoatokephalinae Apatokepha/us yini Lu, 1965 pl. 91 fig. 6 Benthic 0.186 -0.023 -0.079 
Apatokephalinae Apatokephalus yini Lu, 1965 pl. 91 fig. 7 Benthic 0.169 -0.101 -0.093 
Apatokephal inae Apatokephalus yini Zhou eta/., 1982 pl. 64 Benthic 0.179 -0.006 0.013 
fig. 18 
Apatokephalinae Apatokepha/us yini Zhou eta/., 1982 pl. 64 Benthic 0.203 0.053 -0.035 
fig. 19 
Aoatokeohalinae Lacorsalina ? bellatu/a Fortey, 1980 pl. 4 fig. 8 Benthic 0.264 0.102 -0.047 
Remopleuridinae Hypodicranotus striatulus Ludvigsen & Chatterton, Pelagic 0.285 -0.031 -0.259 
1991 pl. I fig. 13 
Remopleuridinae Remop/eurides canadensis Chatterton & Campbell, Pelagic 0.285 0.018 -0.019 
1993 fig. 4f 
Remopleuridinae Remopleurides canadensis Shaw, 1968 pl. 2 fig. 7 Pelagic 0.233 -0.009 -0.065 
Remopleurid inae Remop/eurides caphyroides Whittington, 1959 pl. 9 Pelagic 0.438 -0.064 -0.053 
fig. II 
Remopleurid inae Remop/eurides caphyroides Whittington, 1959 pl. 9 Pelagic 0.294 -0.067 -0.058 
fig. 14 
Remopleuridinae Remop/eurides eximius Whittington, 1959 pl. 15 Pelagic 0.372 0.042 0.015 
fig. 16 
Remopleurid inae Remop/eurides pattersoni Chatterton & Ludvigsen, Pelagic 0.357 0.041 -0.053 
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1976 pl. I fig. 31 
Remopleuridinae Remopleurides pallersoni Chatterton & Ludvigsen, Pelagic 0.326 -0.002 -0.039 
1976 pl. I fig. 35 
Remopleuridinae Remopleurides pallersoni Chatterton, 1980 pl. I fig. Pelagic 0.296 0.115 0.006 
10 
Remopleuridinae Remopleurides pallersoni Chatterton & Campbell, Pelagic 0.316 0.054 -0.032 
1993 fig. 4B 
Remopleuridinae Remop/eurides pallersoni Chatterton & Campbell, Pelagic 0.294 0.073 -0.051 
1993 fig. 4D 
Remopleuridinae Remop/eurides plaesiourus Whittington, 1959 pl. 5 Pelagic 0.303 0.122 -0.006 
fig. 14 
Remopleuridinae Remop/eurides simu/us Whittington, 1959 pl. 17 Pelagic 0.27 0.106 0.053 
fig. 15 
Remopleuridinae Remop/eurides sp. A Webby, 1973 pl. 52 fig. Pelagic 0.221 0.094 -0.143 
31 
Remopleuridinae Robergia microphtha/ma Nikolaisen, 1983 pl. 15 Benthic 0.231 -0.047 -0.101 
fig. 12 
Remopleuridinae Robergia microphtha/ma Nikolaisen, 1983 pl. 15 Benthic 0.248 0.046 0.052 
fig. 8 
Remopleuridinae RoberKia microphthalma Nikolaisen, 1991 fig. 13E Benthic 0.248 0.006 0 
Remopleuridinae RoberKia microphthalma Nikolaisen, 1991 fig. 14L Benthic 0.235 -0.117 -0.033 
Remopleurid inae Robergia qunkeensis Yuan & Zhou Zhiyi, 1997 Benthic 0.251 -0.01 -0.024 
pl. I fig. I 
Remopleuridinae Robergia schlotheimi Whittington, 1965 pl. 41 Benthic 0.326 0.067 -0.019 
fig. 10 
Remopleurid inae Sculptella scriptoides Nikolaisen, 1983 pl. 10 Pelagic 0.374 -0.002 -0.105 
fig. 6 
Richardsonell idae Elkanaspis.futile Westrop, 1995 pl. 5 fig. Benthic 0.134 0.076 -0.021 
II 
Richardsonellidae Pseudokainel/a impar Whitworth, 1969 pl. 75 Benthic 0.214 0.011 -0.038 
fig. 7 
Richardsonellidae Sigmakainel/a trans/ira Shergold, 1971 pl. 8 fig. 4 Benthic 0.191 -0.007 -0.044 
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Table 6.5: Eigenvalues for the Pygidial Doublure population 
Eigenshape Ei2envalues Variance 0/o Cum. Variance o/o 
1 11.953 73.383 73.383 
2 1.969 12.088 85.472 
3 0.711 4.364 89.836 
4 0.511 3.135 92.97 
5 0.247 1.519 94.489 
6 0.17 1.046 95.535 
7 0.128 0.783 96.318 
8 0.083 0.51 96.827 
9 0.078 0.477 97.305 
10 0.059 0.362 97.666 
11 0.054 0.33 97.996 
12 0.045 0.276 98.272 
13 0.043 0.262 98.533 
14 0.039 0.239 98.772 
15 0.033 0.204 98.976 
16 0.032 0.193 99.17 
17 0.023 0.142 99.312 
18 0.021 0.129 99.441 
19 0.016 0.098 99.539 
20 0.014 0.087 99.626 
21 0.012 0.071 99.697 
22 0.011 0.067 99.764 
23 0.01 0.06 99.824 
24 0.009 0.055 99.88 
25 0.008 0.048 99.927 
26 0.006 0.039 99.967 
27 0.005 0.033 100 
EEA required six eigenshapes in order to describe 95 % of the variance and twenty-
seven to describe 1 00 %. These statistics indicate the presence of a large degree of 
variation in the sample. 
Figure 6.1 shows the mean shapes for the analysis as a whole, and for the individual 
extended eigenshape analyses that were run on each family/subfamily. These mean 
shapes are a useful guide to the way that the analysis has described the overall shape 
variation, with the three average terrace lines concatenated at the points marked by 
the pink dots. As explained in section 3.2.3, the singular value decomposition 
algorithmically reduces the curve sets used in the analysis to the fewest number of 
points required to represent the entire complexity of the suite of curves to a tolerance 
- 124-
of95% (95% of the length of the original digitised curve)). In this case, 29 points in 
total were required, 9 points for the first (outermost) curve, 4 for the second (middle) 
curve and 16 for the third (innermost) curve. 
The complexity of the innermost curve can be explained by looking at the mean 
shape for the Ogygiocaridinae (fig. 6.1 ), which is a consequence of the complex 
frilled terrace ridge profile on the inner doublural margin. Unsurprisingly, the 
singular value decomposition for the individual study on the Ogygiocaridinae (which 
only considered shape variation in this subfamily) also required 16 points to describe 
the innermost curve. Therefore, the mean shapes are a useful guide to demonstrating 














































































































































































































































































































































































































































6.2.1 Graphs and Analysis by Family/Subfamily 
The 30 graphs for this analysis are shown first in the established orientation (fig. 
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Figure 6.2: 30 graph ofPygidial Doublure population by Subfamily/Family 
The far outlier, circled towards the bottom of the graph is Hypodicranotus striatulus. 
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Figure 6.3: 30 graph of Pygidial Doublure population by Subfamily/ Family - viewed from reverse 
On first viewing, this appears to be a very busy and confused shape space, with little 
separation or clear zoned occupation by the different groups. This is most likely due 
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Figure 6.5 : Pygidial Doublure population ES-1 vs ES-3 
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These three 2-D graphs show significant overlapping of the families in all three 
planes. 
6.2.2 Statistical Analysis by Family/Subfamily 
MANOV A tests run on the pygidial doublure population, when organised by family/ 
subfamily yield the following statistical measures: 
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Table 6 .6: MANOV A statistics for Pygidial Doublure by Family/Subfamily 
I Wilks' lambda 
3 Ei~tenshapes (89.84 %) 
0.3493 
5 Eigenshapes (94.49 %) 
0.2264 
I Rao's F 8.6 11 7.119 
The Wilks' lambda value indicates that the variations between the two groups are 
fairly well explained by the three eigenshape variables and better clarified by five. 
The F-value is high enough to indicate that the grouping is different from a random 
population, but not greatly so. In conclusion, the fami ly/subfamily groupings in 
terms of pygidial doublure are reasonably well defined, but perhaps not sufficiently 
well distinguished as to be useful. 
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Figure 6 .7: 30 graph of Pygidial Doublure population by Superfamily 
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This 3-D Superfamily graph demonstrates a broad spreading of both the Asaphoidea 
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Figure 6.10: Pygidial Doublure by Superfamily ES-2 vs ES-3 
6.2.4 Statistical Analysis by Superfamily 
MANOV A tests run on the pygidial doublure population, when organised by 
superfamily yield the following statistical measures: 
Table 6.7: MANOV A statistics for Pygidial Doublure by Superfamily 
5 Eigenshapes (94.49 o/;) 
I Wilks' lambda 0.6976 
I Rao's F 8.286 
The Wilks' lambda value indicates that the variations between the three groups are 
poorly explained by the EEA. The F-value is high enough to indicate that the 
grouping is different from a random population, but not greatly so. In conclusion, 
the superfamily groupings in terms of pygidial doublure are not sufficiently well 
distinguished as to be useful. 
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There appears to be a definite clustering of the pelagic forms in shape space -
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Figure 6.13: Pygidial Doublure by Mode of Life ES- 1 vs ES-3 
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Figure 6. 14: Pygidial Doublure by Mode of Life ES-2 vs ES-3 
6.2.6 Statistical Analysis by Mode of Life 
MANOV A tests run on the pygidial doublure population, when organised by mode 
of life yield the following statistical measures: 
Table 6.8: MANOV A statistics for Pygidial Doublure by Mode of Life 
5 Ei&enshapes (94.49 %) 
I Wilks' lambda 0.7756 
I Rao's F 12.21 
The Wilks ' lambda value indicates that the variations between the two groups, in 
terms of mode of life, are Jess well explained by the EEA than when classified by 
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family or superfamily. The F-value, on the other hand, indicates that the grouping is 
less random than the superfamily classification. In conclusion, the mode of life 
groupings in terms of pygidial doublure are not sufficiently well distinguished as to 
be useful. 
Sub-dividing the pelagic data 
Following on from the mode of life study, a deeper investigation was made into the 
pelagic data, separating them out into remopleuridid and cyclopygid pelagic forms. 
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Viewing this graph from below, i.e. from low on axis ES-3, it can be seen that the 
two groups appear to separate out quite well. A MANOV A analysis was run to 
specifically compare these two populations within the shape space of the entire 
population. The results, on 5 eigenshapes, were as follows: 
Wilks ' Lambda: 0.387 
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Rao's F 11.09 
These statistics indicate that the two populations can be considered to be discrete 
' 
with distributions significantly different from random. 
6.3 Results and Discussion for Each Family Separately 
The following graphs show the position of each family/sub-family within the shape 
space defined by the first three eigenshape axes. Although each graph has been 
rotated slightly in order to allow the members of each group to be clearly seen, in all 
cases, ES- 1 runs out of the page, ES-2 runs across the page and ES-3 runs vertical! y. 
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Figure 6.16: 3 0 graph of Pygidial Ooublure with Apatokephalinae emphasised 
The graph in figure 6.16 has been rotated about ES-3 and viewed "from behind". 
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Figure 6. 17: Pygidial Doublure with Apatokephalinae emphasised ES-1 vs ES-2 
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Figure 6.18: Pygidial Doublure with Apatokephalinae emphasised ES-1 vs ES-3 
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Figure 6. 19: Pygidial Doublure with Apatokephalinae emphasised ES-2 vs ES-3 

















Figure 6,20: 30 graph of Pygidial Doublure with Asaphinae emphasised 
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Figure 6.21: Pygidial Doublure with Asaphinae emphasised ES-1 vs ES-2 
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Figure 6.24: 30 graph of Pygidial Doublure with Binnanitinae emphasised 
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Figure 6.28: 30 graph ofPygidial Doublure with Cyclopygidae emphasised 
This image has been rotated around axis ES-3 and viewed "from behind". It can be 
seen that the Cyclopygidae cluster on the positive side of ES-2. The negative outlier 
(on the right, above) is Emmrichops extensus. This is readily explained by 
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examination of the original image; the outline shape of the doublure is atypical 
compared to the rest of the cyclopygids in the dataset and the marginal terrace ridges 
























Figure 6.29: Pygidial Doublure with Cyclopygidae emphasised ES-1 vs ES-2 
Both representatives of Prospectatrix are indicated here in black, which indicates (on 
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Figure 6.32: 30 graph ofPygidial Doublure with lsotelinae emphasised 
The Isotelinae are broadly spread. Outliers in each quadrant are: 
Upper left: Asaphellus aspinus, Asaphellus cianus, Jsotelus rex 
·--
Lower left: Presbynileus glaber, Ptyocephalus accliva, Ptyocephalus yersini 
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Figure 6.36: 30 graph ofPygidial Doublure with Megistaspidinae emphasised 
This image has been rotated around axis ES-3 and viewed "from behind". The 
Megistaspidinae can be seen to cluster on the positive side of the vertical axis (ES-3). 
The low outlier (circled) is Emanue/aspis (Emanuel ina) peculiaris, which is the only 
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taxon in all the Megistaspidinae data set that does not have smooth, gently curved 
terrace ridge traces. The uneven nature of these terrace ridge traces is highly likely 
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Figure 6.40: 3D graph ofPygidial Doublure with Nileidae emphasised 
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Figure 6.41: Pygidial Doublure with Nileidae emphasised ES-1 vs ES-2 
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Figure 6.44: 30 graph ofPygidial Doublure with Niobinae emphasised 
1.0 
This image has been rotated around axis ES-3 and viewed "from behind". The 
Niobinae cluster in the central two-thirds of the population. The outlier at the lower 

















































Figure 6.45: Pygidial Doublure with Niobinae emphasised ES-1 vs ES-2 
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Figure 6.48: 30 graph ofPygidial Doublure with Ogygiocaridinae emphasised 
·-.. 
The Ogygiocaridinae are quite closely clustered in the centre of the shape space. The 


























Figure 6.49: Pygidial Doublure with Ogygiocaridinae emphasised ES-1 vs ES-2 
The position of Ogyginus forteyi is identified with a green circle on figures 6.49 and 
6.50. It has a noticeably lower ES-1 score than the other Ogygiocaridinae. An 
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Figure 6.5 1: Pygidial Doublure with Ogygiocaridinae emphasised ES-2 vs ES-3 
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Figure 6.52: 30 graph of Pygidial Doublure with Remopleuridinae emphasised 
The Remopleuridinae cluster just down and right ofthe centre of shape space. The 
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Figure 6.54: Pygidial Ooublure with Remopleuridinae emphasised ES-1 vs ES-3 
Here the benthic forms cluster towards the other groups whereas Hypodicranotus 
striatulus (which is marked in black), Remopleurides caphyroides (green), 
Remopleurides eximius (purple) and Sculptella scriploides (yellow) can be seen to 
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Figure 6.56: 30 graph of Pygidial Doublure with Richardsonellinae emphasised 
This 3-D graph has been rotated around axis ES-3 and viewed "from behind". The 
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Figure 6.59: Pygidial Doublure with Richardsonellinae emphasised ES-2 vs ES-3 
6.4 Separating out the Asaphidae 
As the pygidial doublure data consist of a large number of overlapping families, it 
was decided to identify the data from just one superfamily and explore that in more 
detail. This was carried out in two ways: firstly, the Asaphidae were considered as a 
collection of subfamilies within the shape space occupied by all three superfamilies; 
secondly, they were re-analysed using EEA as a smaller overall population, to create 
their own unique shape space. 
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Figure 6.60: 30 graph ofPygidial Doublure with Asaphidae families only shown 
\ 
0~ 
It can be seen more clearly now that the Asaphinae and Birmanitinae spread across 
the entire population. Only the Megistaspidinae appear well constrained in this plot. 
A MANOV A analysis, on five eigenshapes, was run to compare these six 






This analysis suggests that the Asaphidae are less well differentiated, when 
compared against each other, than the overall population is. This, in turn implies that 
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there is less variation between the subfamilies of the Asaphidae than there is between 
them and the members of the other superfamilies. 
6.4.2 The Asaphidae in their own Shape Space 
The line data collected on the Asaphidae was then analysed using EEA, separately 
from the pygidial doublure data from the other two superfamilies. The eigenshape 
data for this analysis is as shown in the table below. 
Table 6.9: Asaphidae Pygidial Doublure eigenvalues 
Eigenshape Eigenvalue Variance 0/o Cumulative Variance % 
1 6.549 75.872 75.872 
2 0.893 10.348 86.22 
3 0.401 4.649 90.869 
4 0.24 2.78 93.649 
5 0.12 1.389 95.038 
6 0.087 1.013 96.051 
7 0.065 0.749 96.799 
8 0.051 0.595 97.395 
9 0.038 0.438 97.832 
10 0.036 0.422 98.255 
11 0.03 0.346 98.601 
12 0.025 0.294 98.895 
13 0.016 0.184 99.079 
14 0.015 0.171 99.249 
15 0.013 0.147 99.397 
16 0.01 0.113 99.51 
17 0.009 0.107 99.617 
18 0.008 0.089 99.705 
19 0.007 0.08 99.785 
20 0.007 0.077 99.862 
21 0.005 0.055 99.917 
22 0.004 0.05 99.968 
23 0.003 0.032 100 
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Figure 6.61: 30 graph of the Asaphidae in their own shape space 
MANOVA, using five eigenshapes (95.038 %) yields the following statistics: 
Wilks' Lambda: 
Rao' s F 
0.4726 
4.032 
It can be noted that these are only slightly better (Wilks' lambda slightly lower and 
Rao ' s Fa little lower) than the analysis of the Asaphidae within the entire pygidial 
doublure population shape space. The implications of this are that there must be 
almost as much variation within the pygidial doublure terrace arrays within the 
Asaphidae as there is across all three of the superfarnilies (within the population 
available for analysis). 
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6.4.3 EEA Analysis of each asaphid subfamily 
Given that the Asaphidae yielded the largest amount of data, and that this data 
obviously contained a broad variety of shapes, it was decided to analyse this 
information family by family. Hence, for the six subfamilies within the Asaphidae, a 
separate EEA was run, the results from which are analysed below: 
Table 6.10: EEA eigenvalue table for Asaphinae 
Eigenshape Eigenvalue Variance 0/o Cum. Variance 0/o 
1 2.627 88.948 88.948 
2 0.112 3.808 92.756 
3 0.095 3.224 95.98 
4 0.055 1.852 97.832 
5 0.023 0.781 98.613 
6 0.021 0.716 99.329 
7 0.009 0.295 99.624 
8 0.007 0.245 99.869 
9 0.004 0.131 100 
Table 6.11: EEA eigenvalue table for Birmanitinae 
Eigensh~e Eigenvalue Variance o/o Cum. Variance 0/o 
1 1.083 78.592 78.592 
2 0.215 15.618 94.21 
3 0.036 2.575 96.785 
4 0.026 1.91 98.696 
5 0.013 0.936 99.632 
6 0.005 0.368 100 
Table 6.12: EEA eigenvalue table for Isotelinae 
Eigensbape Eigenvalue Varia nee o/o Cum. Variance o/o 
1 0.775 82.006 82.006 
2 0.107 11.311 93.317 
3 0.037 3.938 97.255 
4 0.02 2.079 99.334 
5 0.006 0.666 100 
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Table 6.13: EEA eigenvalue table for Megistaspidinae 
Eigenshape Eigenvalue Variance 0/o Cum. Variance % 
1 0.429 93.06 93.06 
2 0.022 4.811 97.871 
3 0.005 1.137 99.008 
4 0.004 0.772 99.78 
5 0.001 0.22 100 
Table 6.14: EEA eigenvalue table for Niobinae 
Eigenshape Eigenvalue Variance 0/o Cum. Variance 0/o 
1 0.706 90.077 90.077 
2 0.052 6.602 96.679 
3 0.011 1.431 98.11 
4 0.009 1.101 99.211 
5 0.006 0.789 100 
Table 6.15: EEA eigenvalue table for Ogygiocaridinae 
Eigenshape Eigenvalue Variance 0/o Cum. Variance 0/o 
1 0.946 87.81 87.81 
2 0.055 5.126 92.936 
3 0.03 2.768 95.703 
4 0.018 1.679 97.382 
5 0.01 0.934 98.317 
6 0.005 0.442 98.759 
7 0.005 0.422 99.181 
8 0.003 0.241 99.421 
9 0.002 0.151 99.572 
10 0.002 0.144 99.716 
11 0.001 0.111 99.827 
12 0.001 0.081 99.908 
13 0 0.042 99.95 
14 0 0.032 99.982 
15 0 0.018 100 
As the number of eigenshapes required by the EEA to describe a set of lines is a 
measure of how much variance there is within that set, it can be used to compare the 
variety within the measurable populations of each subfamily within the Asaphidae. 
These data are presented in table 6.16. 
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Table 6.16: Comparison of variance in subfamilies ofthe Asaphidae 
Subfamily Number of Number of eigenshapes to Number of eigenshapes to Variety 
specimens in pass 95 % variance account for 100% of Ranking 
sample accounted for variance 
Ogygiocaridinae 15 3 15 I 
Asaphinae 40 3 9 2 
Binnanitinae 22 3 6 3 
lsotelinae 22 3 5 4 
Niobinae 22 2 (96.697 %) 5 5 
Megistaspidinae 10 2 (97.871 %) 5 6 
It can be seen from this table that the Ogygiocaridinae set contained the most 
variation, while the Megistaspidinae contained the least. It can be noticed from the 
table that the variety in these samples is not directly related to the number of 
specimens in each family. 
6.5 Exploring the density of pygidial doublural terrace 
ridges 
During the image processing stage, counts were made of the number of terrace ridges 
across the pygidial doublure of all 217 specimens. The counts were made on the axis 
and at 45° to the left and right of the sagittal axis, as shown in the diagram below. 
For the purposes of analysis, due to problems with varying levels of preservation 
across the specimens, the highest of the three counts was used. The analyses were 
then classified in terms of taxonomy, mode of life and clade. 
Left Count 
Axial Count 
Figure 6.62: Counting of lines across the pygidial doublure 
For each of the three classifications, the maximum, minimum, mean average and 
standard deviation were calculated in order to compare the distributions between the 
classes. The results are summarised on the tables below and then discussed. 
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6.5.1 Taxonomic distribution 
Table 6.17: Taxonomic distribution of Pygidial Doublure terrace ridge statistics 
Subfamily Max Min Mean S.D 
Apatokephalinae 15 6 10.1 3.0 
Asaphinae 26 10 18.0 4.3 
Birmanitinae 60 10 17.1 10.4 
Cyclopygidae 11 3 7.0 2.4 
Isotelinae 27 11 17.0 4.0 
Megistaspidinae 35 10 18.7 7.9 
Nileidae 22 10 15.2 2.9 
Niobinae 20 10 14.9 3.1 
Ogygiocaridinae 25 12 17.2 4.1 
Remopleuridinae 18 5 10.3 3.2 
Richardsonellinae 8 7 7.7 0.6 
All 60 3 15.0 6.1 
The group with the highest average number of terrace ridges is the Megistaspidinae, 
whilst the lowest is the Cyclopygidae. The most varied group is the Birmanitinae 
and the least varied is the Richardsonellinae. Given that there were only three 
examples of Richardsonellinae in the population, and they were unlikely to show 
huge variation, it is worth noting that the second least varied is the Cyclopygidae. 
Additionally, ANOV A generates an F-value of 11.49, indicating significant 
inequality of the means. 
6.5.2 Mode of life distribution 
Table 6.18: Mode of Life distribution of pygidial doublure terrace ridge statistics 
Mode Max Min Mean S.D 
Benthic 60 5 16.1 5.8 
Pelagic 18 3 8.9 3.4 
All 60 3 15.0 6.1 
The benthic trilobites have a greater number of terrace ridges, on average, than the 
pelagic specimens, as well as a greater variation in number. This reduction may 
indicate a difference in utility between benthic and pelagic forms. 
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In this case, AN OVA generates an F-value of 48.86, indicating a highly significant 
inequality of the means. 
6.5.3 Family level distribution 
Table 6.19: Family level distribution of pygidial doublure terrace ridge statistics 
Family Max Min Mean S.D 
Asaphidae 60 10 17.3 5.9 
Cyclopygidae 11 3 7.0 2.4 
Nileidae 22 10 15.2 2.9 
Remopleurididae 18 5 10.0 3.0 
All 60 3 15 6.1 
The Asaphidae has the highest average number of terrace ridges, as well as the 
greatest variation. The Cyclopygidae has the lowest average number of ridges and 
the least variation. 
Finally, AN OVA generates an F-value of 37.64, indicating a very significant 
inequality of the means, although not as clearly separate as when classified by mode 
of life. 
6.6 Summary of Findings 
Although the pygidial doublural data are very closely clustered and confused, some 
separation between groups has been identified. The promising results of the pilot 
study are to some extent borne out in that there appears to be some ecological signal. 
Whilst there is a great deal of overlap, the pelagic forms do occupy some unique 
shape space, and when they are separated out into cyclopygids and (pelagic) 
remopleuridids the structure to the variation is 1nore apparent. The findings of the 
study of terrace ridge density are also noteworthy, and it is clear that both groups in 
which there are pelagic taxa have fewer terrace ridges. Cyclopygid terrace ridges in 
particular are generally weak, and it is likely that, if terrace ridges did perform some 
role in frictional interaction, such structures would have been less valuable to those 
taxa with a pelagic mode of life, although it is probable that pelagic forms spent 
some time engaged with the substrate. 
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7 Major Study 2 - Hypostome 
7.1 Introduction 
For the hypostome, 85 terrace ridge-bearing images were traced and digitised; again 
the methodology was the effectively the same as that outlined in chapter 3. As with 
the pygidial doublural analysis, three lines were selected, with the aim of keeping the 
line lengths as similar as possible from the point of view of correspondence. 
Although once again lines on the anterior, middle body and posterior areas of the 
hypostome were produced, the development of the methodology was not as 
straightforward as for the pygidial doublure. Bilateral symmetry was assumed, and 
the hypostomal forks were ignored. The uppermost terrace ridge was defined as the 
one starting as near to the anterior margin as possible that traversed the hypostome 
from the axis, travelling towards the lateral margin. Shorter impersistent ridges, or 
those that doubled back on themselves, were not included. The lowermost ridge was 
defined similarly, starting as posteriorly as possible on the axis and then trending 
towards the lateral margin. Once the ridge started to double back it was no longer 
followed. The middle ridge was defined as that which started equidistantly between 
the posterior and anterior ridges, and again was required to approach the lateral 
margin. Many examples within the dataset were unsuitable for analysis, having only 
a few marginal ridges running sub-parallel to the outline; for this reason the majority 
of the Isotelinae were rejected. However, this methodology, although constrained 
and exclusive, captured the maximum amount of variation with maximum adherence 
to correspondence between taxa, and no alternative method attempted could capture 
as much data or include as many taxa. (See Appendix D for an example of the 
terrace ridge tracing.) 
Examples of terrace ridges from nine subfamilies/families within 3 superfamiles 
within the Asaphida were analysed, as outlined in table 7.1. 
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Table 7 .I Classification of images used in Hypostome study 
Subfamily Family Superfamily 
total total total 
Superfamily Asaphoidea 58 
Family Asaphidae 58 
Subfamily Asaphinae 7 
Subfamily Birmanitinae 3 
Subfamily Isotelinae 10 
Subfamily Megistaspidinae 4 
Subfamily Niobinae 25 
Subfamily Ogygiocaridinae 9 
Superfamily_ Cyclopygoidea 16 
Family Cyclopygidae 2 
Family Nileidae 14 
Superfamily Remopleuridoidea 11 
Family Remopleurididae 11 
Subfamily Remopleuridinae 11 
Total number of images analysed: 85 
7.2 Results and Discussion across the Population 
As with the Pygidial Doublure study, the results of the EEA are presented by 
superfamily before graphical and statistical analyses are carried out. 
Table 7.2: Asaphoidea Hypostome data set with Eigenscores 
Subfamily Species Reference Mode ES-1 ES-2 
Asaphinae Asaphus (Asaphus) expansus Krueger, 2003 pl. I fig. 9 benthic 0.727 0.058 
Asaphinae Asaphus(!Veoasaphus) Krueger, 2003 pl. 3 fig. 6 benthic 0.485 0.053 
kotlukovi 
Asaphinae Asaphus (!Veoasaphus) Krueger, 2003 pl. 3 fig. 1 benthic 0.537 0.093 
laevissimus /aticauda 
Asaphinae Asaphus (!Veoasaphus) Krueger, 2003 pl. 1 fig. 12 benthic 0.521 0.11 
pachyopthalmus 
Asaphinae Asaphus(!Veoasaphus)robergi Kreuger, 2003 pl. 5 fig. 11 benthic 0.588 0.237 
Asaphinae Asaphus (Postasaphus) Kreuger, 2003 pl. 5 fig. 16 benthic 0.57 0.207 
jewensis 
Asaphinae Asaphus /epidurus Whittington, 1992 pl. 12 fig. benthic 0.672 -0.076 c 
Binnanitinae Basiliellajinlini Zhou Zhiyi & Fortey, 1986 benthic 0.332 0.092 
pl. 4 fig. 19 
Binnanitinae Birmanites sp. Zhou Zhiyi & Dean, 1986 pl. benthic 0.351 0.145 
59 fig. 9 
Binnanitinae Pseudobasilicus ? sp A Webby, 1973 pl. 55 fig. 8 benthic 0.236 0.403 
1sotelinae Asaphellus fezouataensis Vidal, 1998 pl. 1 fig. 2 benthic 0.507 0.286 
1sote1inae Asaphellus inflatus Peng, 1990a pl. 6 fig. 8 benthic 0.43 0.23 
1sote1inae Aulacoparia (Au/acoparia) Hintze, 1952 pl. XVI fig. 1 benthic 0.502 0.209 
quadrata 
1sote1inae Bel/efontia gyracantha Westrop & Knox, 1993 pl. 2 benthic 0.472 0.129 
fig.8 
1sotelinae Hoekaspis sp. Waisfie1d & Vaccari, 1903 benthic 0.446 -0.052 
pl. 24 fig. 11 
Isote1inae Isote/us frognoensis Owen, 1981 pl. 3 fig. 18 benthic 0.506 0.146 





















lsotelinae lsote/us sp. Dean, 1979 pl. 11 fig. 10 benthic 0.557 0.243 -0.229 
lsotelinae Ptyocephalus yersini Hintze, 1952 pl. XIV fig. 8a benthic 0.366 0.296 -0.033 
lsotelinae Stegnopsis huttoni Whittington, 1965 pl. 23 fig. benthic 
8 0.419 0.138 -0.182 
Megistaspidinae Emanuelaspis (Emanuelaspis) Laurie & Shergold, 1996 pl. benthic 
0.589 -0.541 teicherti 10 fig. 3a 0.13 
Megistaspidinae Emanuelaspis (Emanue/aspis) Laurie & Shergold, 1996 pl. benthic 
0.589 -0.532 0.095 teicherti 10 fig. 3b 
Megistaspidinae Emanuelaspis (Emanuelina) Laurie & Shergold, 1996 pl. benthic 
0.113 0.416 0.064 peculiar is 13 fig. 6 
Megistaspidinae Megistaspis (Megistaspis) Nielsen, 1995 fig. 938 benthic 
0.744 -0.52 0.142 /imbatatype 6 
Megistaspidinae Megistaspis (Megistaspis) 8alashova, 1976 pl. 30 fig. 3 benthic 
0.711 -0.535 0.128 pseudolimbata 
Niobinae Gog catillus Fortey, 1975 pl. 2 fig. 5 benthic 0.067 0.215 0.176 
Niobinae Gog catillus Fortey, 1975 pl. 2 fig. 6 benthic 0.269 0.073 0.116 
Niobinae Gog explanatus Nielsen, 1995 fig. 1420 benthic 0.266 0.343 0.148 
Niobinae Niobe (Niobe) insignis Ebbestad, 1999 pl. 4 7F benthic 0.482 0.077 -0.01 
Niobinae Niobe (Niobe) schmidti Nielsen, 1995 fig. 1311 benthic 0.272 0.229 0.147 
Niobinae Niobe (Niobe) ljernviki Nielsen, 1995 fig. 129E benthic 0.253 0.06 0.138 
Niobinae Niobe (Niobe) tjernviki Nielsen, 1995 fig. 129F benthic 0.15 0.241 0.153 
Niobinae Niobe (Niobe) ljernviki Nielsen, 1995 fig. 1290 benthic 0.163 0.135 0.093 
Niobinae Niobe emarginula Tjemvik, 1956 pl. 4 fig. 15 benthic 0.246 0.07 0.032 
Niobinae Niobe frontalis WandAs, 1984 pl. lOD benthic 0.332 0.129 0.213 
Niobinae Niobe morrisi Whittington, 1965 pl. 28 fig. benthic 0.302 0.18 0.184 6 
Niobinae Niobe morrisi Whittington, 1965 pl. 29 fig. benthic 0.339 0.129 0.24 2 
Niobinae Niobe occulta Fortey, 1975 pl. 23 fig. 8 benthic 0.024 0.221 0.213 
Niobinae Niobe quadraticaudata Whittington, 1965 pl. 26 fig. benthic 0.292 0.139 0.149 1 
Niobinae Niobe quadraticaudata Whittington, 1965 pl. 26 fig. benthic 0.168 0.075 0.158 
6 
Niobinae Niobe quadralicaudata Whittington, 1965 pl. 26 fig. benthic 0.288 0.22 0.258 
8 
Niobinae Niobe schmidti 8alashova, 1976 pl. 38 fig. 8 benthic 0.114 0.131 0.133 
Niobinae Niobe sobovana Dean, 1973 pl. 11 fig. 3 benthic 0.191 0.173 -0.01 
Niobinae Niobe sobovana Dean, 1973 pl. 11 fig. 6 benthic 0.123 0.076 0.127 
Niobinae Niobe /Ia cf. plana Nielsen, 1995 fig. 1400 benthic 0.356 0.184 0.153 
Niobinae Niobella imparilimbata Nielsen, 1995 pl. 1341 benthic 0.15 0.117 0.072 
Niobinae Niobella impari/imbata Nielsen, 1995 pl. 135A benthic 0.383 0.232 0.149 
Niobinae Niobella impari/imbata Nielsen, 1995 pl. 1358 benthic 0.174 0.199 0.176 
Niobinae Niobella impari/imbata Poulsen, 1965 pl. 2 fig. 5 benthic 0.35 0.15 0.217 
Niobinae Niobe /Ia plana 8alashova, 1976 pl. 38 fig. 6 benthic 0.288 0.304 -0.017 
Ogygiocaridinae Merlinia zupaya Waisfield & Vaccari, 2003 benthic 0.451 0.158 -0.154 
pl. 16 fig. 17 
Ogygiocaridinae Ogyginus cordensis Hughes, 1979 fig. 58 benthic 0.26 -0.057 -0.156 
Ogygiocaridinae Ogyginus cordensis Whittard, 1964 pl. XLIII fig. benthic 0.319 -0.11 -0.174 
9 
Ogygiocaridinae Ogyginus daliensis Zhou Zhiyi eta/., 1998 pl. 1 benthic 0.299 -0.108 -0.145 
fig. 14 
Ogygiocaridinae Ogyginus forteyi Rabano, 1989 pl. 10 fig. 6 benthic 0.435 0.087 0.09 
Ogygiocaridinae Ogyginus hybridus Fortey & Owens, 1987 fig. benthic 0.481 -0.058 -0.169 
30i 
Ogygiocarid inae Ogyginus intermedius Levi-Setti, 1993 pl. 139 benthic 0.287 -0.023 -0.229 
Ogygiocarid inae Ogygiocarel/a angustissima Salter, 1866 pl. 15 fig. 3 benthic 0.327 -0.06 -0.162 
Ogygiocaridinae Ogygiocaris selwynii Whittard, 1964 pl. XXXIV benthic 0.294 -0.199 -0.128 
fig. 10 
Table 7.3: Cyclopygoidea Hypostome data set with eigenscores 
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Cyclopygidae Microparia cf. princeps Whittard, 1964 pl. XLIX fig. 12 pelagic 0.087 -0.224 0.057 
Nileidae Homa/opteon murchisoni Hughes, 1979 fig. 171 benthic 0.44 -0.06 0.12 
Nileidae Nileus affinis Whittington, 1965 pl. 31 f!&- 6 benthic 0.216 -0.017 0.199 
Nileidae Nileus huanxianensis Zhou Zhiyi & Dean, 1986 pl. 60 benthic 
fig.4 0.071 0.012 -0.043 
Nileidae Nileus limbatus Tjemvik, 1956 _pl. 2 fig. 12 benthic 0.203 -0.01 0.141 
Nileidae Ni/eus nesiotes Dean, 1971 pl. 5 f.g. 5 benthic 0.291 -0.117 0.109 
Nileidae Nileus transversus Trippel a/., 1989QI. 5 f.g. t benthic -0.044 0.087 0.165 
Nileidae Ni/eus transversus Tripp el a/., 1989 pl. 6 f!&- b benthic -0.06 -0.048 0.096 
Nileidae Nileus walcolli Zhou Zhiyi el a/., 1998 pl. 5 fig. benthic 
0.117 5 0.002 0.073 
Nileidae Parabarrandia crassa Rabano, 1989 pl. 12 fig. 5 _pelagic 0.016 0.05 0.008 
Nileidae Peraspis lineolata Whittington, 1965 pi 35 fig. 8 benthic 0.275 0.031 0.033 
Nileidae Platypeltoides croftii Owens el a/., 1982 pl. 3 fig. c benthic 0.335 -0.089 0.029 
Nileidae Symphysurus angustatus Ebbestad, 1999 fig. 66F benthic 0.335 0.21 0.157 
Nileidae Symphysurus arclicus Fortey, 1975 pl. 21 fig. 9 benthic 0.259 0.159 0.033 
Nileidae Symphysurus pa/pebrosus Fortey, 1986 f!&. 2a benthic 0.164 -0.175 0.064 
Table 7.4: Remopleuridoidea Hypostome data set with Eigenscores 
Subfamily Species Reference Mode ES-1 ES-2 ES-3 
Remopleuridinae B/osyropsis billingsi Whittington, 1965 pl. 42 fig. 11 benthic 0.26 0.38 -0.063 
Remopleurid inae Remopleurides caelatus Whittington, 1959 pl. 1 fig. 10 pelagic 0.574 -0.352 -0.023 
Remopleuridinae Remop/eurides cae/atus Whittington, 1959 pl. 4 fig. 3 pelagic 0.453 -0.419 0.053 
Remopleuridinae Remop/eurides caelatus Whittington, 1959 pl. 4 fig. 4 pelagic 0.422 -0.4 0.131 
Remopleuridinae Remopleurides eximius Whittington, 1959 _pL 15 fig. 2 pelagic 0.447 -0.096 0.014 
Remopleuridinae Remop/eurides simulus Whittington, 1959 pl. 17 fig. 17 _Qelagic 0.538 -0.348 0.049 
Remopleuridinae Remop/eurides simu/us Whittington, 1959 pl. 17 fig. 18 pelagic 0.559 -0.374 0.087 
Remopleuridinae Remop/eurides variolaris Nikolaisen, 1983 pl. 7 fig. 12 pelagic 0.518 -0.323 0.011 
Remopleuridinae Remopleurides vulgaris Tripp, 1967 pl. 1 fig. 12 pelagic 0.483 0.012 0.002 
Remopleuridinae Robergia sch/otheimi Whittington, 1965 _pL 41 f!&- 3 benthic 0.464 -0.006 -0.049 
Remopleurid inae Scu/ptella scripta Nikolaisen, 1983 pl. 9 fig. 15 pelagic 0.325 0.235 0.096 
Table 7.5: Eigenvalues for the Hypostome population 
Eigenshape Eigenvalues Total variance _{0/ol Cum. Variance(0/o) 
1 13.051 59.783 59.783 
2 4.213 19.296 79.079 
3 1.651 7.561 86.641 
4 1.092 5.002 91.643 
5 0.625 2.861 94.504 
6 0.370 1.696 96.2 
7 0.219 1.004 97.204 
8 0.167 0.763 97.967 
9 0.130 0.594 98.561 
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One very obvious outlier in this shape space is Emanuelaspis peculiaris - it is the 
Megistaspidinae with an ES-2 of 0.416, circled in black. Closer inspection of the 
image established that it is tilted backwards, and as a result produced very different 
lines to the rest of Megistaspidinae. It was decided to remove this outlier on the 
basis of its unsuitable orientation, and the analyses were repeated. 
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7.3 Results and Discussion across the Repeated Population 
The repeated results are presented below, by Superfamily. It should be noted that the 
removal of just one specimen has affected the eigenscores of every other terrace 
ridge set to some extent. 
Table 7.6: Repeated Asaphoidea Hypostome data set with Eigenscores 
Subfamily Species Reference Mode ES-1 ES-2 ES-3 
Asaphinae Asaphus(Asaphus)expansus Krueger, 2003 pl. 1 fig. 9 benthic 0.726 0.06 -0.011 
Asaphinae Asaphus (Neoasaphus) Krueger, 2003 pl. 3 fig. 6 benthic 
0.484 0.055 kotlukovi -0.202 
Asaphinae Asaphus (Neoasaphus) Krueger, 2003 pl. 3 fig. 1 benthic 
0.537 0.095 laevissimus laticauda -0.212 
Asaphinae Asaphus (Neoasaphus) Krueger, 2003 pl. 1 fig. 12 benthic 
0.521 0.115 pachyopthalmus -0.215 
Asaphinae Asaphus (Neoasaphus) Kreuger, 2003 pl. 5 fig. 11 benthic 
0.587 0.244 robergi -0.13 
Asaphinae Asaphus (Postasaphus) Kreuger, 2003 pl. 5 fig. 16 benthic 
0.569 0.212 jewensis -0.178 
Asaphinae Asaphus lepidurus Whittington, 1992 pl. 12 fig. benthic 
0.672 -0.074 -0.027 c 
Birrnanitinae Basi lie /Ia jinlini Zhou Zhiyi & Fortey, 1986 benthic 
0.331 pl. 4 fig. 19 0.08 0.076 
Birrnanitinae Birmaniles sp. Zhou Zhiyi & Dean, 1986 pl. benthic 
0.35 0.143 59 fig. 9 0.076 
Birrnanitinae Pseudobasi/icus ? sp A Webby, 1973 pl. 55 fig. 8 benthic 0.233 0.386 0.215 
lsotelinae Asaphel/us fezouataensis Vidal, 1998 pl. 1 fig. 2 benthic 0.505 0.286 -0.066 
lsotelinae Asaphellus in.flatus Peng, 1990a pl. 6 fig. 8 benthic 0.429 0.228 -0.036 
Isotelinae Aulacoparia (Aulacoparia) Hintze, 1952 pl. XVI fig. 1 benthic 
0.501 0.21 -0.182 quad rata 
Isotelinae Bellefontia gyracantha Westrop & Knox, 1993 pl. 2 benthic 
0.471 0.128 -0.18 fig. 8 
Isotelinae Hoekaspis sp. Waisfield & Vaccari, 1903 pl. benthic 
0.446 -0.049 0.016 
24 fig. 11 
Isotelinae Jsote/us frognoensis Owen, 1981 pl. 3 fig. 18 benthic 0.505 0.156 -0.261 
Isotelinae Jsote/us p/atycephalus Darby & Stumm, 1965 pl. 1 benthic 
0.653 0.246 -0.237 
fig. 4 
Isotelinae Jsotelus sp. Dean, 1979 pl. 11 fig. I 0 benthic 0.556 0.252 -0.224 
Isotelinae Ptyocephalus yersini Hintze, 1952 pl. XIV fig. 8a benthic 0.365 0.309 -0.022 
Isotelinae Stegnopsis huttoni Whittington, 1965 pl. 23 fig. benthic 
0.418 0.142 -0.18 
8 
Megistaspidinae Emanuelaspis Laurie & Shergold, 1996 pl. benthic 
0.592 -0.545 0.121 
(Emanuelaspis) teicherti 10 fig. 3a 
Megistaspidinae Emanue/aspis Laurie & Shergold, 1996 pl. benthic 
0.591 -0.539 0.084 
(Emanue/aspis) teicherti 10fig.3b 
Megistaspidinae Megistaspis (Megistaspis) Nielsen, 1995 fig. 938 benthic 
0.746 -0.524 0.133 
limbata type 6 
Megistaspidinae Megistaspis (Megistaspis) Balashova, 1976 pl. 30 fig. 2 benthic 
0.714 -0.537 0.12 
pseudolimbata 
Niobinae Gog catillus Fortey, 1975 pl. 2 fig. 5 benthic 0.066 0.211 0.177 
Niobinae Gog cat ill us Fortey, 1975 pl. 2 fig. 6 benthic 0.269 0.076 0.118 
Niobinae Gog exp/anatus Nielsen, 1995 fig. 1420 benthic 0.263 0.336 0.147 
Niobinae Niobe (Niobe) insignis Ebbestad, 1999 pl. 47F benthic 0.481 0.073 -0.013 
Niobinae Niobe (Niobe) schmidti Nielsen, 1995 fig. 1311 benthic 0.271 0.231 0.151 
Niobinae Niobe (Niobe) tjemviki Nielsen, 1995 fig. 129E benthic 0.253 0.068 0.144 
Niobinae Niobe (Niobe) ljemviki Nielsen, 1995 fig. I29F benthic 0.149 0.246 0.159 
Niobinae Niobe (Niobe) ljemviki Nielsen, 1995 fig. 1290 benthic 0.163 0.143 0.101 
Niobinae Niobe emarginula Tjernvik, 1956 pl. 4 fig. 15 benthic 0.246 0.077 0.037 
Niobinae Niobe frontalis WandAs, 1984 pl. lOD benthic 0.332 0.131 0.217 
Niobinae Niobe morrisi Whittington, I965 pl. 28 fig. benthic 
0.302 0.189 0.192 
6 
Niobinae Niobe morrisi Whittington, 1965 pl. 29 fig. benthic 
0.338 0.12 0.234 
2 
Niobinae Niobe occulta Fortey, 1975 pl. 23 fig. 8 benthic 0.023 0.223 0.218 
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Niobinac Niobe quadraticaudata Whittington, 1965 pl. 26 fig. benthic 
I 0.291 0.144 0.154 
Niobinac Niobe quadraticaudata Whittington, 1965 pl. 26 fig. benthic 
6 0.168 0.076 0.159 
Niobinae Niobe quadraticaudata Whittington, 1965 pl. 26 fig. benthic 
8 0.287 0.221 0.262 
Niobinac Niobe schmidti Balashova, 1976 pl. 38 fig. 8 benthic 0.114 0.136 0.139 
Niobinae Niobe sobovana Dean, 1973 pl. II fig. 3 benthic 0.191 0.18 -0.004 
Niobinae Niobe sobovana Dean, 1973 pl. II fig. 6 benthic 0.123 0.08 0.132 
Niobinae Niobe /Ia cf. plana Nielsen, 1995 fig. 140D benthic 0.355 0.194 0.162 
Niobinae Niobella imparilimbata Nielsen, 1995 pl. 1341 benthic 0.149 0.124 0.078 
Niobinae Niobella impari/imbata Nielsen, 1995 pl. 135A benthic 0.383 0.238 0.156 
Niobinae Niobel/a impari/imbata Nielsen, 1995 pl. 1358 benthic 0.172 0.198 0.178 
Niobinae Niobella imparilimbata Poulsen, 1965 pl. 2 fig. 5 benthic 0.35 0.148 0.218 
Niobinae Niobel/a plana Balashova, 1976 pl. 38 fig. 6 benthic 0.286 0.304 -0.015 
Ogygiocaridinae Merlinia zupaya Waisfield & Vaccari, 2003 pl. benthic 
0.45 0.161 16 fig. 17 -0.153 
Ogygiocaridinae Ogyginus cordensis Hughes, 1979 fig. 58 benthic 0.261 -0.052 -0.154 
Ogygiocaridinae Ogyginus cordensis Whittard, 1964 pl. XLIII fig. benthic 
0.32 -0.101 9 -0.171 
Ogygiocaridinac Ogyginus daliensis Zhou Zhiyi eta/., 1998 pl. I benthic 
0.3 -0.101 fig. 14 -0.143 
Ogygiocaridinae Ogyginus forteyi Rabano, 1989 pl. I 0 fig. 6 benthic 0.435 0.086 0.089 
Ogygiocaridinae Ogyginus hybridus Fortey & Owens, 1987 fig. benthic 
0.481 -0.06 30i -0.173 
Ogygiocaridinae Ogyginus intermedius Levi-Setti, 1993 pl. 139 benthic 0.288 -0.018 -0.227 
Ogygiocaridinae Ogygiocarella angustissima Salter, 1866 pl. 15 fig. 3 benthic 0.327 -0.063 -0.166 
Ogygiocaridinae Ogygiocaris se/wynii Whittard, 1964 pl. XXXIV benthic 
0.296 -0.194 fig. 10 -0.129 
Table 7.7: Repeated Cyclopygoidea Hypostome data set with eigenscores 
Family Species Reference Mode ES-1 ES-2 ES-3 
Cyclopygidae Degamella evansi Fortey & Owens, 1987 fig. 38d pelagic 0.194 -0.043 0.103 
Cyclopygidae Microparia c( princeps Whittard, 1964 pl. XLIX fig. 12 pelagic 0.088 -0.221 0.057 
Nileidae Homalopteon murchisoni Hughes, 1979 fig. 171 benthic 0.44 -0.063 0.118 
Nileidae Ni/eus a.ffinis Whittington, 1965 pl. 31 fig. 6 benthic 0.215 -0.021 0.197 
Nileidae Nileus huanxianensis Zhou Zhiyi & Dean, 1986 pl. 60 benthic 0.071 0.014 -0.042 
fig. 4 
Nileidae Ni/eus limbatus Tjemvik, 1956 pl. 2 fig. 12 benthic 0.203 -0.007 0.143 
Nileidae Nileus nesiotes Dean, 1971 pl. 5 fig. 5 benthic 0.292 -0.112 0.112 
Nileidae Nileus transversus Tripp eta/., 1989 pl. 5 fig. t benthic -0.045 0.082 0.164 
Nileidae Nileus transversus Tripp eta/., 1989 pl. 6 fig. b benthic -0.06 -0.054 0.093 
Nileidae Nileus wa/cotti Zhou Zhiyi eta/., 1998 pl. 5 fig. benthic 0.117 0.005 0.076 
5 
Nileidae Parabarrandia crassa Rabano, 1989 pl. 12 fig. 5 pelagic 0.016 0.046 0.006 
Nileidae Peraspis lineo/ata Whittington, 1965 pi 35 fig. 8 benthic 0.275 0.03 0.033 
Nileidae PlatyJ,eltoides crofiii Owens eta/., 1982 pl. 3 fig. c benthic 0.336 -0.075 0.037 
Nileidae Sympl 1)lsurus angustatus Ebbestad, 1999 fig. 66F benthic 0.333 0.208 0.158 
Nileidae Sympl 1JlSurus arclicus Fortey, 1975 pl. 21 fig. 9 benthic 0.258 0.16 0.035 
Nileidae Sympl 1JlSUrus~~brosus Fortey, 1986 fig. 2a benthic 0.165 -0.171 0.064 
Table 7.8: Repeated Remopleuridoidea Hypostome data set with Eigenscores 
Subfamily Species Reference Mode ES-1 ES-2 ES-3 
Remopleuridinae B/osyropsis bil/ingsi Whittington, 1965 pl. 42 fig. II benthic 0.258 0.382 -0.059 
Rcmoplcurid inac Remopleurides cae/atus Whittington, 1959 pl. I fig. 10 ~ic 0.576 -0.353 -0.028 
Remopleuridinae Remop/eurides caelatus Whittington, 1959 pl. 4 fig. 3 pelagic 0.456 -0.412 0.053 
Remopleuridinae Remopleurides caelatus Whittington, 1959 pl. 4 fig. 4 pelagic 0.424 -0.395 0.13 
Remopleuridinae Remopleurides eximius Whittington, 1959 pl. 15 fig. 2 p<:lagic 0.447 -0.086 0.019 
Remopleuridinae Remop/eurides simulus Whittington, 1959 pl. 17 fig. 17 pelagic 0.54 -0.343 0.048 
Remopleuridinae Remop/eurides simulus Whittington, 1959 pl. 17 fig. 18 pelagic 0.561 -0.369 0.086 
Remopleuridinae Remop/eurides vario/aris Nikolaisen, 1983 pl. 7 fig. 12 pelagic 0.52 -0.318 0.01 
Remo~euridinae Remop/eurides vulgaris Tripp, 1967 pl. I fig. 12 pelagic 0.483 0.022 0.008 
Remopleuridinae Robergia sch/otheimi Whittington, 1965 pl. 41 fig. 3 benthic 0.465 0.001 -0.045 
Remopleuridinae Scu/ptella scripta Nikolaisen, 1983 pl. 9 fig. 15 pelagic 0.323 0.226 0.091 
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Table 7.9 shows the eigenvalues for the repeated analysis. As can be seen by 
comparison with table 7.5, the eigenvalues (which had required 19 axes overall and 
reached 95% variance in 6 axes) are not significantly different, but the effect of the 
distorted image on the shape space occupied by the Megistaspidinae has been 
removed. 
Table 7.9: Eigenvalues for the repeated Hypostome population 
Eigenshape Eigenvalues Total variance (0/o) Cum. Variance(0/o) 
1 13.039 60.697 60.697 
2 4.048 18.843 79.541 
3 1.647 7.668 87.209 
4 0.945 4.399 91.608 
5 0.624 2.905 94.513 
6 0.364 1.693 96.206 
7 0.219 1.019 97.226 
8 0.159 0.742 97.968 
9 0.126 0.588 98.556 
10 0.089 0.414 98.97 
In figure 7.5, the mean shapes for the data set as a whole and the individual 
families/subfamilies demonstrate the range of variation in the sample. The singular 
value decomposition reduced the shape variation to 19 coordinates (at a tolerance of 







































































































































































































































































































































































7.3.1 Graphs and Analyses by Family 
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Figure 7.6: 30 graph of Hypostome population 
Outliers in this analysis included Ogyginusforteyi (within the Ogygiocaridinae) and 
Hoekaspis sp. (Isotelinae), Pseudobasilicus sp. A (Birmanitinae) and the following 
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Figure 7.7: Hypostome population ES-1 vs ES-2 (second run) 
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Figure 7.9: Hypostome population ES-2 vs ES-4 (second run) 
Following the removal of the outlier, the small group ofmegistaspids are now 
observed to group very tightly. The Asaphinae and Birmanitinae separate out well. 
7 .3.2 Statistical Analysis by Family 
MANOV A tests run on the (repeated) hypostome population, when organised by 
family/subfamily yield the following statistical measures: 
Table 7.10: MANOV A statistics for Hypostome by Family 
3 Eigenshapes (87.21 %) 6 Eigenshapes (96.21 %) 
Wilks' lambda 0.04079 0.0172 
Rao 's F 18.06 9.45 
The Wilks ' lambda value indicates that the variations between the two groups are 
very well explained by the first three eigenshape variables and significantly better 
clarified by six. The F-value for three eigenshapes indicates that the grouping is 
different from a random population, but this significance again decreases (by half, 
this time) when the test is expanded to six eigenshapes. In conclusion, the family 
groupings in terms of hypostome terrace lines are very well defined, sufficiently so 
to be of analytical usefulness. 
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7.3.3 Results and Discussion by Superfamily 
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Figure 7.10: 3D graph ofHypostome population by Superfamily 
In addition to the groups identified in the benthic-pelagic plot, notable in the above 
3-D plot is that the Remopleuridoidea subdivide into two or three clusters. On the 
left are the six specimens listed in the previous discussion. Then, straddling the 
vertical axis are three more, Remopleurides emimius, Remopleurides vulgaris and 




























Figure 7. 11 : Hypostome population by Superfam ily ES-1 vs ES-2 
• Asaphoidea 
• Cydopygoidea 
0.8 • Remopleuridoldea 
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Again, the variation within the Megistaspidinae in ES-2 cloud the picture to some 
extent. The Cyclopygoidea form the tightest cluster in shape space, with the 
Asaphoidea spreading most broadly across all three axes. 
7.3.4 Statistical Analysis by Superfamily 
MANOV A tests run on the hypostome population, when organised by superfamily 
yield the following statistical measures: 
Table 7.11: MANOY A statistics for Hypostome by Superamily 
6 Eigenshapes (96.21 %) 
Wilks' lambda 0.4109 
Rao's F 7.19 
The Wilks' lambda value indicates that the variations between the two groups are 
only fairly well explained by the EEA. The F-value is high enough to indicate that 
the grouping is different from a random population, but not greatly so. In 
conclusion, the superfamily groupings in terms of hypostome, while clearer than 
those from the pygidial doublure data set, are also not sufficiently well distinguished 
as to be useful. 
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Figure 7.14: 30 graph of Hypostome population by Mode of Life 
To the left of the central area are two clusters, one benthic and the other pelagic. 
The benthic group consists of four Megistaspidinae: two Emanuelaspis 
(Emanuelaspis) teicherti, a Megistaspis (Megistaspis) limbata type 6 and a 
Megistaspis (Megistaspis) pseudolimbata. 
-·· ... 
The pelagic cluster consists of a subset of Remopleuridinae: three Remopleurides 
caelatus, two Remopleurides simulus and a Remopleurides variolaris. The notable 
exception, perhaps, from this separated cluster is Remopleurides eximius, which has 
ES-1 and ES-3 values similar to the other Remopleurides, but a very different ES-2 
value. 
The circled pelagic forms are Microparia (red), Degamella (purple) and 
Parabarrandia (black). Of all the pelagic forms in this analysis only Degamella and 
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Parabarrandia are proposed to have been fast moving streamlined forms (Fortey, 
1985), but they do not plot separately in the pelagic shape space. 
Parabarrandia is the only pelagic nileid in the dataset. As can be seen this taxon 
does not plot away from the benthic forms, remaining within the nileid shape space 
(see also figs. 7.30-41). Its low score on ES-1 causes the area of shape space 
occupied by the pelagic forms to be extended, but not into unique shape space. 
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Figure 7.15: Hypostome population by Mode of Life ES-1 vs ES-2 
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Figure 7.17: Hypostome population by Mode of Life ES-2 vs ES-3 
• Pelagic 
Benthoe 
The pelagic forms show much less variation in shape space than the benthic forms. 
Statistically, one factor affecting this distribution would be the smaller population of 
pelagic forms. However, the fact that the pelagic forms are constrained to a smaller 
volume, as opposed to being distributed more thinly throughout the shape space does 
indicate a significantly smaller variation in terrace ridge patterning. 
The Megistaspidinae have the effect of stretching the benthic volume in shape space 
to extend beyond the pelagic zone, along ES-2. Had they not been there, a large 
proportion of the pelagic forms would occupy a unique volume. 
7.3.6 Statistical Analysis by Mode of Life 
MANOV A tests run on the hypostome population, when organised by mode of life 
yield the following statistical measures: 
Table 7.12: MANOVA statistics for Hypostome by Mode of Life 
6 Eigenshapes (96.21 %) 
Wilks' lambda 0.6473 
Rao's F 7.084 
Again, the Wilks ' lambda value indicates that the variations between the two groups, 
in terms of mode of life, are less well explained by the EEA than when classified by 
family or superfamily. The F-value additionally indicates that the grouping is less 
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useful than the superfami ly classification. In conclusion, the mode oflife groupings 
in terms of hypos tome are not sufficiently well distinguished as to be useful. 
7.4 Results and Discussion for each Family Separately 
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Figure 7.18: 30 graph of Hypostome population with Asaphinae emphasised 
The Asaphinae are reasonably well constrained in the lower right rear of the graph, 
with two exceptions sitting further forward along the ES-1 axis- Asaphus (Asaphus) 
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Figure 7.21: Hypostome population with Asaphinae emphasised ES-2 vs ES-3 
The Asaphinae almost exclusively occupy one quadrant of the shape space. The only 
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Figure 7.22: 30 graph ofHypostome population with Birmanitinae emphasised 
There are on I y three Birmanitinae plotted, one of which appears significantly 
different, on all three axes, from the others- Pseudobasilicus? sp. A. This 
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hypostome is significantly different to the other two in the subfamily, and as some 
doubt is implied in its identification the possibility remains that it does not belong in 




: 0 + + ... 
.01 ·~~~ 0 /('1 2 0,3 + 






































1 • Megistaspid•nao 













• Meora ...... 












.... q • ... '? .. 





()'2 ... . . 
~· • • \ • Q\ ~ · ., " 
·~· • ..... 
• I J 
• .., 
o.r • -.... ..,, • d ... ,....- : 
..,, '-<Ill- ., .,,.. ,, 
\~· • I I 
... ~ :. or ... 
:o.l! '• 
' 
Figure 7.26: 30 graph ofHypostome population with Cyclopygidae emphasised 
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Figure 7.29: Hypostome population with Cyclopygidae emphasised ES-2 vs ES-3 
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Figure 7.30: 30 graph ofHypostome population with lsotelinae emphasised 
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Figure 7.33: Hypostome population with lsotelinae emphasised ES-2 vs ES-3 
The lsotelinae almost exclusively occupy one quadrant of the shape space - which 
they share with the Asaphinae. They also overlap to a significant extent with the 
Ogygiocaridinae. 
Megistaspidinae 
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Figure 7.37: Hypostome population with Megistaspidinae emphasised ES-2 vs ES-3 
Although only a sample of four Megistaspidinae feature in this study, they cluster 
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Figure 7.39: Hypostome population with Nile idae emphasised ES- 1 vs ES-2 
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Figure 7.41: Hypostome population with Nileidae emphasised ES-2 vs ES-3 
The Nileidae are fairly closely clustered in the centre of the shape space, indicating 
that they are closest to the mean shape of the hypostome study sample. The only 
pelagic representative, Parabarrandia, shown in black on each of these graphs, plots 
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Figure 7.45: Hypostome population with Niobinae emphasised ES-2 vs ES-3 
As can clearly be seen in this ES-2 vs ES-3 graph, the Niobinae cluster quite closely 
within this quadrant of shape space. They overlap most significantly with the 
Nileidae and the Binnanitinae. 
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Figure 7.46: 30 graph ofHypostome population with Ogygiocaridinae emphasised 
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Two of the Ogygiocaridinae are significantly separated from the rest - above zero on 
ES-2 is Ogyginus forleyi (circled in green) and lower, but further to the right along 
ES-2 is Mer/inia zupaya (circled in black). By comparison with figure 7.42, it can be 
seen that Ogyginusforteyi is placed in the area of the shape space occupied by the 
Niobinae. This can more clearly be seen in figures 7.48 and 7.49, where Ogyginus 
forteyi has been circled in green. Further consideration of other characters of this 
taxon, such as the hourglass-shaped glabella, suggest that Ogyginus forteyi is in fact 
a niobinid, and was wrongly assigned by Rabano ( 1989). On revisiting the original 
Merlinia zupaya image, it is possible that it has been elongated; the unusual shape 
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Figure 7.49: Hypostome population with Ogygiocaridinae emphasised ES-2 vs ES-3 
The Ogygiocaridinae cluster in shape space, with the exceptions of Ogyginusforteyi, 
and Merlinia zupaya, discussed above. They show consistent directional variation in 
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Figure 7.50: 30 graph of Hypostome population with Remopleuridinae emphasised 
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Figure 7.52: Hypostome population with Remopleuridinae emphasised ES- 1 vs ES-3 
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Figure 7.53: Hypostome population with Remopleuridinae emphasised ES-2 vs ES-3 
The Remopleuridinae are spread along ES-2, but fairly constrained along the other 
two axes. They appear to have formed a distinct and separate sub-cluster in the 
negative ES-2 area. 
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7.5 Summary of Findings 
The analysis of the hypostome terrace ridge arrays separates the groups out well, 
many of which occupy unique shape space. Although the ecological signal is not 
strong, it is clear that the pelagic/benthic separation is clouded by the few 
Megistaspidinae in the sample. The hypostome appears to be the most promising 
body part on which to concentrate further analyses. 
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8 Major Study 3 - Dorsal Pygidium 
8.1 Introduction 
For the dorsal pygidium, 84 examples of terrace ridges were traced and digitised; 
again using similar methodologies to the previous studies. As with the previous 
analyses, three lines were selected, with the aim of keeping the line lengths as similar 
as possible. However, again the methodology was not as straightforward to develop 
as on the pygidial doublure, although a technique broadly similar to those for the 
hypostomes and pygidial doublures was eventually established. Bilateral symmetry 
was assumed. The uppermost terrace ridge was defined as the one starting as near to 
the anterior margin as possible that traversed the pygidium from the axis, travelling 
towards the lateral margin. lmpersistent and birfurcating ridges were ignored for 
reasons of correspondence, although they are much more common on the dorsal 
surfaces. The lowermost ridge was defined similarly, starting as posteriorly as 
possible on the axis and then trending towards the lateral margin. This ridge often 
runs submarginally, and therefore there is a component of the overall pygidial shape 
involved in the terrace ridge arrays, as discussed in chapter 3. The middle ridge was 
defined as that which started equidistantly between the posterior and anterior ridge 
positions on the axis. (See Appendix D for an example of the terrace ridge tracing.) 
Many examples within the dataset were unsuitable for analysis, having only a few 
ridges on the borders, dorsal terrace ridges being either faint or absent on the axis in 
many cases. However, this methodology, although again restrictive, still appeared to 
capture the maximum amount of variation, again providing reasonable 
correspondence between taxa. Examples of terrace ridges from nine subfamilies I 
families, across three superfamiles of the Asaphida, were analysed as is shown in 
table 8.1: 
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Table 8.1 Classification of images used in Dorsal Pygidium study 
Subfamily Family Superfamily 
total total total 
Superfamily Asaphoidea 38 
Family Asaphidae 38 
Subfamily Asaphinae 20 
Subfamily Birmanitinae 7 
Subfamily Megistaspidinae 2 
Subfamily Niobinae 4 
Subfamily Ogygiocaridinae 5 
Superfamily Cyclopygoidea 22 
Family Cyclopygidae 6 
Family Nileidae 16 
Superfamily Remopleuridoidea 24 
Family Remopleurididae 21 
Subfamily Remopleuridinae 21 
Family Kainellidae 3 
Subfamily Richardsonellinae 3 
Total number of images analysed: 84 
8.2 Results and Discussion across the Population 
Table 8.2: Asaphoidea Dorsal Pygidium data set with eigenscores 
Subfamily Species Reference Mode ES-1 ES-2 ES-3 
Asaphinae Asaphus (Asaphus) /epidurus Nielsen, 1995 fig. 63H Benthic 0.418 -0.272 0.094 
Asaphinae Asaphus (Asaphus) /epidurus Nielsen, 1995 fig. 64 Benthic 0.462 -0.104 0.105 
Asaphinae Asaphus (Neoasaphus) kowalewskii Kreuger, 2003 pl. 4 fig. Benthic 
0.424 -0.234 0.097 4 
Asaphinae Asaphus (Neoasaphus) Schmidt, 1901 pl. 8 fig. Benthic 
0.462 0.002 0.222 nieszkowskii 10 a 
Asaphinae Asaphus (Neoasaphus) platyurus Jaanusson, I 1953 pl. 3 Benthic 
0.52 0.172 0.113 latisegmentatus fig. 4 
Asaphinae Asaphus Neoasaphus bottnicus Jaanusson, 1953 II pl. Benthic 
0.413 -0.286 0.121 6 fig. 5 
Asaphinae Dubovikites dubovikus Balashova, 1976 pl. 3 Benthic 
0.483 0.02 0.228 
fig.6 
Asaphinae Mischynogoriles brachyrachis Baiashova, I 976 pl. 5 Benthic 
0.494 -0.036 -0.096 fig. 3 
Asaphinae Ogmasaphus jaanussoni Henningsmoen, 1960 Benthic 
0.43 -0.048 0.248 pl. 9 fig. I 
Asaphinae Ogmasaphus jaanussoni Henningsmoen, 1960 Benthic 
0.497 0.016 0.096 pl. 9 fig. 2 
Asaphinae Ogmasaphus tropidalox Wandc\s, 1984 pl. 4 fig. Benthic 
0.457 -0.036 0.214 
A 
Asaphinae Pseudoasaphinus gosti/icyensis Balashova, 1976 pl. 4 Benthic 
0.514 0.132 0.093 fig. 3 
Asaphinac Pseudoasaphus Schmidt, I 904 pl. 2 fig. Benthic 
0.52I O.I06 O.I32 (Pseudoasaphoides) praecurrens 3 
Asaphinae Pseudoasaphus (Pseudoasaphus) Ba1ashova, 1976 pl. I Benthic 
0.513 0.082 0.077 g/obifrons fig.4 
Asaphinae Pseudoasaphus acicu/atus Neben & Kreuger, Benthic 
0.503 0.086 0.083 I 973 pl. 22 fig. 9 
Asaphinae Pseudoasaphus g/obifrons Schmidt, I 904 pl. I fig. Benthic 
0.5I2 0.164 O.I52 5 
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Asaphinae Pseudoasaphus lima/us Jaanusson, 1953 pl. 3 Benthic 
0.501 0.031 0.077 fig. 7 
Asaphinae Pseudoasaphus tecticaudatus Jaanusson, 1953 pl. 3 Benthic 
0.541 0.203 0.08 fig. 4 
Asaphinae Pseudoasaphus tecticaudatus Jaanusson, 1953 pl. 3 Benthic 
0.497 0.074 0.184 fig. 5 
Asaphinae Pseudoaspahus tecticaudatus Schmidt, 1904 pl. 2 fig. Benthic 
0.511 0.179 0.282 5 
Binnanitinae Birmaniles hupeiensis Zhou Zhiyi eta/., 2001 Benthic 
fig. 5C 0.506 0.119 0.079 
Binnanitinae Birmaniles hupeiensis Zhou Zhiyi eta/., 1984 Benthic 
fig. 3C 0.512 0.143 0.082 
Binnanitinae Nobiliasaphus nobili Rabano, 1989 pl. 3 fig. Benthic 
0.533 9 0.148 -0.04 
Binnanitinae Pseudobasilicus perstriatus WandAs, 1984 pl. 4 fig. Benthic 
0.464 H -0.037 0.157 
Binnanitinae Pseudobasilicus? brachyrachis Jaanusson, 1953 pl. 8 Benthic 
0.552 fig. 7 0.113 -0.149 
Binnanitinae Pseudobasi/icus? brachyrachis Jaanusson, 1953 pl. 8 Benthic 
0.505 -0.008 fig. 9 -0.033 
Binnanitinae Pseudobasilicus? brachyrachis Neben & Kreuger, Benthic 
0.524 0.014 -0.146 1973 pl. 24 fig. 4 
Megistaspidinae Emanuelaspis (Emanue/aspis) Laurie & Shergold, Benthic 
0.523 0.096 -0.082 nicolli 1996 pl. 8 fig. 8a 
Megistaspidinae Emanue/aspis (Emanuelaspis) Laurie & Shergold, Benthic 
0.508 0.042 -0.052 nicolli 1996 pl. 8 fig. 8b 
Niobinae Gog catillus Fortey, 1975 pl. 3 fig. Benthic 
0.483 0.049 0.115 4 
Niobinae Niobe (Niobe) ljernviki Nielsen, 1995 fig. 129J Benthic 0.518 0.214 0.197 
Niobinae Niobe frontalis WandAs, 1984_p_l. JOE Benthic 0.49 0.099 0.19 
Niobinae Niobe quadraticaudata Whittington, 1965 pl. Benthic 
0.504 0.113 0.138 27 f!& 10 
Ogygiocarid inae Ogygiocaris dilatata Henningsmoen, 1960 Benthic 
0.527 0.092 -0.045 pl. 2 f!& 3 
Ogygiocarid inae Ogygiocaris dilatata Henningsmoen, 1960 Benthic 
0.577 0.246 -0.059 pl. 2 fig. 5 
Ogygiocaridinae Ogygiocaris dilatata Henningsmoen, 1960 Benthic 
0.537 0.156 -0.035 pl. 2 f~& 6 
Ogygiocaridinae 0f{YKiocaris dilatata Miller, 1975 fig. 19D Benthic 0.49 0.025 0.051 
Ogygiocaridinae Ogygiocaris macrops Rushton & Hughes, Benthic 
0.557 0.205 -0.141 1981 pl. 4 fig. 9 
Table 8.3: Cyclopygoidea Dorsal Pygidium data set with eigenscores 
Family Species Reference Mode ES-1 ES-2 ES-3 
Cyclopygidae Cyclopyge cf. recurva Zhou Zhiyi & Dean, Pelagic 
0.486 -0.011 0.008 1986 pl. 61 fig. 14 
Cyclopygidae Cyclopyge umbonata bohemica Abdullaev & Pelagic 
Khaletskaja, 1970 pl. 3 0.5 -0.052 -0.086 
fig. 8 
Cyclopygidae Microparia (Quadratapyge) cf. Zhou Zhiyi eta/., 200 I Pelagic 
chedaoensis pl. 7G 0.509 -0.045 -0.116 
Cyclopygidae Microparia (Quadratapyge) cf. Zhou Zhiyi & Dean, Pelagic 
chedaoensis 1986 pl. 61 fig. 16 0.535 0.019 -0.133 
Cyclopygidae Symphysops subarmata e/ongata Dean, 1974 pl. 34 fig. 1 Pelagic 0.545 0.145 -0.065 
Cyclopygidae Symphysops subarmata elongata Kielan, 1959 pl. II fig. 3 Pelagic 0.533 0.117 -0.096 
Nileidae Barrandia sp. Fortey & Owens, 1987 Benthic 
0.473 -0.087 0.065 fig. 65e 
Nileidae Nileus depressus depressus Nielsen, 1995 fig. 184B Benthic 0.482 -0.019 0.02 
Nileidae Nileus depressus schranki Nielsen, 1995 fig. 194N Benthic 0.51 -0.057 -0.06 
Nileidae Nileus depressus schranki Nielsen, 1995 fig. 197 A Benthic 0.554 0.184 -0.143 
Nileidae Nileus depressus schranki Nielsen, 1995 fig. 197C Benthic 0.526 0.077 -0.107 
Nileidae Nileus depressus serotinus Nielsen, 1995 fig. 202H Benthic 0.521 0.003 -0.113 
Nileidae Nileus exarmatus orbiculatoides Schrank, 1972 pl. 4 fig. I Benthic 0.516 0.001 -0.109 
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Nilcidac Nileus g/azia/is costa/us Fortey, 1975 pl. I 0 fig. Benthic 
0.543 0.004 -0.159 15 
Nileidae Nileus orbicu/atoides Nielsen, 1995 fig. 172B Benthic 0.535 -0.001 -0.174 
Nileidae Nileus p/aniceps Nielsen, 1995 fig. 207 A Benthic 0.569 0.162 -0.158 
Nileidae Nileus walcotti Turvey & Zhou Zhiyi, Benthic 
0.522 -0.057 -0.147 2002 _pl. I fig. 13 
Nileidae Nileus walcolli Zhou Zhiyi eta/., 1998 Benthic 
0.506 -0.004 -0.068 pl. 5 fig. 8 
Nileidae Poroni/eus .fistulosus Fortey & Droser, 1999 Benthic 
0.518 0.056 -0.029 fig. 7.11 
Nileidae Poronileus isoteloides Fortcy, 1975 pl. 14 fig. 8 Benthic 0.464 -0.036 0.149 
Nileidae Symphysuros angustatus Ebbestad, 1999 fig. 670 Benthic 0.51 0.125 0.063 
Nileidae Symphysuros angustatus Ebbcstad, 1999 fig. 67E Benthic 0.547 0.19 0.072 
Table 8.4: Remopleuridoidea Dorsal Pygidium data set with eigenscores 
Subfamily Species Reference Mode ES-1 ES-2 ES-3 
Remopleuridinae B/osyropsis billingsi Whittington, 1965 pl. 42 Benthic 
0.504 0.073 0.177 fi_g. 15 
Remopleuridinae Eorobergia grandis Whittington, 1965 pl. 43 Benthic 
0.531 0.297 0.094 fig. 7 
Remopleuridinae Hexacopyge sp. Zhou Zhiyi eta/., 2001 fig. Pelagic 
0.541 0.078 -0.174 40 
Remopleuridinae Hexacopyge sp. Zhou Zhiyi eta/., 2001 fig. Pelagic 
0.529 0.001 -0.219 70 
Remopleuridinae Hypodicranotus striatu/us Lesperance & Desbiens, Pelagic 
0.405 -0.393 0.04 1995 fig. 3.3 
Remopleuridinae Hypodicranotus striatulus Ludvigsen & Chatterton, Pelagic 
0.426 -0.368 -0.048 1991 _QI. I fig. 16 
Remopleuridinae Hypodicranotus striatu/us Ludvigsen & Chatterton, Pelagic 
0.4 -0.486 -0.048 
1991~. I fig. 17 
Remopleuridinae Hypodicranotus striatu/us Whitely eta/., 2002 pl. 162 Pelagic 0.437 -0.276 0.012 
Remopleuridinae Remop/eurides aff. a.flluens Nikolaisen, 1983 pl. 2 fig. Pelagic 
0.572 0.132 -0.366 6 
Remopleuridinae Remop/eurides aff. vario/aris Nikolaisen, 1983 pl. 8 fig. Pelagic 
0.522 -0.238 -0.461 10 
Remopleuridinae Remopleurides a.flluens Nikolaisen, 1983 pl. 2 fig. Pelagic 
0.558 0.167 -0.191 4 
Remopleuridinae Remop/eurides a.flluens Nikolaisen, 1983 pl. 2 fig. Pelagic 
0.484 0.101 -0.004 5 
Remopleuridinae Remopleurides caphyroides Whittington, 1959 pl. 9 fig. Pelagic 
0.471 -0.298 0.192 6 
Remopleuridinae Remopleurides caphyroides Whittington, 1959 pl. 9 fig. Pelagic 
0.436 -0.469 0.342 9 
Remopleuridinae Remopleurides eximius Whittington, 1959 pl. 15 Pelagic 
0.394 -0.511 -0.089 fig. 15 
Remopleuridinae Remopleurides perspicax Nikolaisen, 1983 pl. 6 fig. Pelagic 
0.487 -0.055 0.007 7 
Remopleuridinae Remopleurides sculpti/is Dean, 1974 pl. 44 fig. II Pelagic 0.419 -0.455 0.302 
Remopleuridinae Remopleurides vario/aris Nikolaisen, 1983 pl. 7 fig. Pelagic 
0.549 -0.161 -0.48 
9 
Remopleuridinae Robergia sparsa Nikolaisen, 1983 pl. 15 fig. Benthic 
0.43 -0.129 0.252 6 
Remopleuridinae Robergia striatella Nikolaisen, 1991 fig. ISH Benthic 0.453 0.047 0.364 
Remopleuridinae Sculptella scripta Nikolaisen, 1983 pl. 9 fig. Pelagic 
0.522 0.004 -0.176 17 
Richardsonellinae Elkanaspis aff. E. unisu/cata Ludvigsen, et a/. 1989 pl. Benthic 
0.495 -0.308 -0.394 
28 f!& 5 
R ichardsonell inae Richardsonella megalops Ludvigsen, eta/ .. 1989 pl. Benthic 
0.436 -0.159 0.116 27 fig. 4 
Richardsonellinae Sigmakainel/a /ongi/ira Shergold, 1971 pl. 9 fig. 6 Benthic 0.392 -0.496 -0.094 
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Table 8.5: Dorsal Pygidium population eigenvalue data 
Ei2enshape Eigenvalues Total Variance 0/o Cum. Variance 0/o 
1 20.946 67.426 67.426 
2 2.874 9.251 76.677 
3 2.353 7.574 84.251 
4 1.064 3.424 87.675 
5 0.964 3.102 90.777 
6 0.773 2.487 93.264 
7 0.561 1.806 95.07 
8 0.305 0.982 96.052 
9 0.224 0.721 96.773 
10 0.212 0.684 97.457 
11 0.146 0.469 97.926 
12 0.113 0.365 98.291 
13 0.085 0.274 98.565 
14 0.072 0.232 98.797 
15 0.062 0.201 98.998 
16 0.052 0.166 99.163 
17 0.046 0.149 99.313 
18 0.037 0.12 99.433 
19 0.028 0.089 99.522 
20 0.025 0.079 99.601 
21 0.02 0.065 99.666 
22 0.017 0.055 99.722 
23 0.016 0.052 99.774 
24 0.013 0.041 99.815 
25 0.01 0.032 99.847 
26 0.009 0.029 99.875 
27 0.008 0.026 99.901 
28 0.006 0.019 99.92 
29 0.005 0.016 99.935 
30 0.004 0.013 99.949 
31 0.004 0.012 99.96 
32 0.003 0.009 99.97 
33 0.003 0.008 99.978 
34 0.002 0.007 99.985 
35 0.002 0.006 99.991 
36 0.002 0.005 99.996 
37 0.001 0.004 100 
The EEA program took 37 eigenshapes to fully describe the dorsal pygidium data 
set, although passing 95% in only 7 axes. This indicates considerable variation 
across the different terrace ridge arrays. The mean shapes are shown in figure 8.4 
and this substantial variation can be readily observed. The singular value 
-210-
decomposition (again at a tolerance of95%), reduced the shape variation to 38 
coordinates requiring 18 to describe the first curve, 14 for the second curve and 6 for 
the final curve. This complexity is due to the much more complex nature of dorsal 





























































































































































































































































































































































































































































8.2.1 Graphs and Analysis by Family 
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• Asaphinae • Birmanitinae • Cyclopygidae 
• Megistaspidinae Nileidae • Niobinae 
Ogygiocaridinae • Remopleuridinae • Richardsonellinae 
Figure 8.2: 3D graph of the Dorsal Pygidium shape space 
This 3-D plot looks rather like a fish, with its tail composed largely of 
Remopleuridinae. It is worth noting that five of the nine families occupy the lower 
right quadrant, whereas the Remopleuridinae occupy all four quadrants and the 
Asaphinae the upper two. 
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Figure 8.4: Dorsal Pygidium by Family ES- 1 vs ES-3 
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Figure 8.5: Dorsal Pygidium by Family ES-2 vs ES-3 










MANOV A tests run on the dorsal pygidium population, when organised by 
family/subfamily yield the following statistical measures: 
Table 8.6: MANOV A statistics for Dorsal Pygidium by Family/Subfamily 
3 Eigenshapes (84.25 %) 7 Eigenshapes (95.07 %) 
Wilks' lambda 0.4568 0.1578 
Rao's F 2.744 2.753 
The Wilks' lambda value indicates that the variations between the two groups are 
fairly well explained by the first three eigenshape variables and significantly better 
clarified by seven. The F-value for both analyses indicates that the grouping is 
sl ightly different from a random population, but in this case, the samples difference 
from random varies very little when the test is expanded to seven eigenshapes. In 
conclusion, the fami ly/subfamily groupings in terms of dorsal pygidiurn terrace ridge 
arrays are fairly well defined, perhaps sufficiently so to be of analytical usefulness. 
The clarity of the data, however, is not as good as that yielded from the hypostome 
terrace ridge arrays. 
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8.2.3 Graphs and Analysis by Superfamily 
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Figure 8.6: 30 graph of the Dorsal Pygidium shape space by Superfamily 
This 3D graph shows the greatest extent of shape variation exists in the 
Remopleuroidea superfamily: in aJl three eigenshape axes. The Cyclopygoidea show 
the least shape variation. 
The Asaphoidea are relatively well clustered, with three out on their own on the left: 
Asaphus (Asaphus) lepidurus (63H), Asaphus (Neoasaphus) kowalewskii and 
Asaphus Neoasaphus bollnicus. The left-most member of the main Asaphoidea 

































Figure 8.7: Dorsal Pygidium by Superfamily ES-1 vs ES-2 
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Figure 8.9: Dorsal Pygidium by Superfamily ES-2 vs ES-3 
8.2.4 Statistical Analysis by Superfamily 
MANOV A tests run on the dorsal pygidium population, when organised by 
superfamily yield the following statistical measures: 
Table 8.7: MANOVA Statistics for Dorsal Pygidium by Superfamily 
3 Eigenshapes (84.25 %) 7 Eigenshapes (95.07 %) 
W ilks' lambda 0.6089 0.4015 
Rao's F 7.412 6.194 
The W ilks' lambda value indicates that the variations between the two groups are 
poorly explained by the EEA on three e igenshapes and still not extremely well by 
seven. For both levels of testing, the F-value is high enough to indicate that the 
grouping is different from a random population, but not greatly so. In conclusion, 
the superfamily groupings in terms of dorsal pygidium are not sufficiently well 
distinguished as to be useful. 
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8.2.5 Graphs and Analysis by Mode of Life 
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Figure 8.10: 3D graph of the Dorsal Pygidium shape space by Mode of Life 
This plot shows that the pelagic group seems to be split into two sections. The 
cyclopygids overlap with the benthic shape space (see figs. 8.22-8.25) and the 
outliers all come from the Remopleuridinae. On the left are all four Hypodicranotus 
striatulus, along with both Remopleurides caphyroides, Remopleurides perspicax 
and Remopleurides sculptilis but these overlap in shape space with the three benthic 
Richardsonellidae. On the right are all the other pelagic forms (including the 
cyclopygids) apart from two far outliers, low down on axis ES-3 are Remopleurides 
aff. variolaris and Remopleurides variolaris. 
The benthic group is generally well clustered, with a ribbon of outliers running to the 
left along ES-2. The four most extreme of these are, from left to right, Sigmakainella 
long/ira, Asaphus Neoasaphus boflnicus, Asaphus (Asaphus) lepidurus (63H) and 
Asaphus (Neoasaphus) kowalewskii. 
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Figure 8.1 I: Dorsal Pygidium by Mode of Life ES-1 vs ES-2 
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Figure 8.13: Dorsal Pygidium by Mode of Life ES-1 vs ES-3 
8.2.6 Statistical Analysis by Mode of Life 
MANOVA tests run on the dorsal pygidium population, when organised by mode of 
li fe yield the following statistical measures: 
Table 8.8: MANOV A Statistics for Dorsal Pygidium by Mode of Life 
3 Eigenshapes 7 Eigenshapes 1 0 Eigenshapes 
(84.25 o/o} (95.07 %) (97.46 %) 
Wilks' lambda 0.7147 0.5275 0.5248 
Rao 's F 10.64 9.724 6.61 
As with the other two major studies, the Wilks' lambda value indicates that the 
variations between the two groups, in terms of mode of life, are less well explained 
by the EEA than when classified by subfamily/family or superfamily. The F-value in 
this case, though, indicates that the grouping is less random than the superfamily 
classification. It is worth noting that, even when expanded to ten eigenshapes, the 
MANOVA does not yield a Wilks' lambda of lower than 0.5, supporting the 
conclusion that the mode of life groupings in terms of dorsal pygidiurn are not 
sufficiently well distinguished as to be useful. 
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8.3 Results and Discussion by each family/subfamily 
separately 
The following graphs show the position of each family/subfamily within the shape 
space defined by the first three eigenshape axes. The families are shown plotted first 
in 3-0 graphs, then in 2-0 plots in order to better identify specific points. 
Although each 3-0 graph has been rotated slightly in order to allow the members of 
each group to be clearly seen, in all cases, eigenshape I runs out of the page, 
eigenshape two runs across the page and eigenshape 3 runs vertical ly. In each 3-0 
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Figure 8.14: 30 Graph of the Dorsal Pygidium Shape Space - Asaphinae emphasised 
The four outliers to the left here are discussed under Superfamilies, above. 
The Asaphinae overlap most commonly with the Rempleuridinae here_ They vary 





























Figure 8.15: Dorsal Pygidium with Asaphinae emphasised ES- 1 vs ES-2 























Figure 8. I 7: Dorsal Pygidium with Asaphinae emphasised ES-2 vs ES-3 
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Figure 8.18: 30 graph of the Dorsal Pygidium shape space - Binnanitinae emphasised 
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Figure 8.22: 3D graph of the Dorsal Pygidium shape space - Cyclopygidae emphasised 
The Cyclopygidae are fairly well clustered, in the lower right quadrant. overlapping 






































Figure 8.23: Dorsal Pygidium with Cyclopygidae emphasised ES-1 vs ES-2 
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Figure 8.26: 3D graph of the Dorsal Pygidium shape space - Megistaspidinae emphasised 
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Figure 8.30: 3D graph of the Dorsal Pygidium shape space - Nileidae emphasised 
The Nileidae are quite strongly clustered, mainly in the lower right quadrant. Both 
examples of Symphysurus, suggested as being a potential backwards burrower by 
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Figure 8.33: Dorsal Pygidium with Nileidae emphasised ES-2 vs ES-3 
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Figure 8.34: 3D graph of the Dorsal Pygidium shape space - Niobinae emphasised 
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Figure 8.38: 30 graph of the Dorsal Pygidium shape space - Ogygiocaridinae emphasised 
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Figure 8.45: Dorsal Pygidium with Remopleuridinae emphasised ES-2 vs ES-3 
Richardsonellinae 
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Figure 8.46: 3D graph of the Dorsal Pygidiurn shape space - Richardsonellinae emphasised 
The three Richardsonellinae cannot be said to form one group in the shape space: 
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Figure 8.47: Dorsal Pygidium with Richardsonellinae emphasised ES-1 vs ES-2 





















Figure 8.49: Dorsal Pygidium with Richardsonellinae emphasised ES-2 vs ES-3 
8.4 Exploration of Eigenshape Statistical Significance 
It is worth noting that the EEA analysis of dorsal pygidium data required seven 
eigenshapes to describe 95% of the shape variation and thirty seven eigenshapes in 
order to describe 100 % of the variation. This population, therefore, can be said to 
contain the greatest variety in terms of terrace ridge shape. 
Given a sample of such variation, it is worth exploring the number of eigenshapes 
worth including in a MANOV A test on EEA results. The MANOV A test was 
carried out on the dorsal pygidium data set for a range of number of eigenshapes, 
from three to ten. The results are shown in the table immediately below, then 
represented graphically and discussed. 
Table 8.9: MANOV A scores for Dorsal Pygidium population - range of eigenshapes 
No. of 3 4 5 6 7 8 9 10 
Eigenshapes 
Cumulative 84.25 87.68 90.78 93.26 95.07 96.05 96.77 97.46 
Variance% 
Wilks' 0.4568 0.3966 0.3099 0.2555 0.1578 0.1363 0.1297 0. 11 72 
lambda 
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Figure 8.50: Variation of cumulative variance with number of eigenshapes 
Figure 8.50 shows that the percentage of variance accounted for increases with the 
number of eigenshapes, as expected. The curve shown in the graph implies that, as 
the number of eigenshapes included increases, the contribution by each additional 
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Figure 8.51 : Variation of Wilks' Lambda with number of eigenshapes 
This graph shows that consideration of an increased number of eigenshapes results in 
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Figure 8.52: Variation of Wilks' Lambda with cumulative variance 
Figure 8.52 shows a strong negative correlation between Wilks' lambda and the 
cumulative variance which implies that, rather than the raw number of eigenshapes 
used, it is more valuable to make use of the variance provided by each eigenshape 
when deciding how many to use in the MANOVA. It is also worth noting that, after 
the cumulative variance passes 95%, the Wilks' lambda decreases less sharply, 
suggesting that 95% is a sound percentage at which to identify the number of 
eigenshapes on which to base the analysis. 
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Figure 8.53: Variation of Rao's F-value with cumulative variance 
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This final graph indicates that the Rao F-value shows no overall trend. In this 
particular example, it does however have its highest value (indicating greatest 
difference from random behaviour) when the cumulative variance reaches 95 %, 
supporting the argument previously made to use this number as the analysis 
threshold. 
8.5 Summary of Findings 
The dorsal pygidium terrace ridge traces, although the most complex, have some 
structure to the variation. Although there is a lot of commonality within the shape 
space they occupy, the groups do cluster well, and there is again a suggestion of 
some ecological signal. 
Implications of these findings are included in chapters 9 and 10. 
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9 Discussion and Interpretation 
9.1 Distribution of terrace ridge character states in a 
phylogenetic context 
Terrace ridges are widely distributed across Class Trilobita. Concentric terrace 
ridges are found on the doublure of most trilobites and ventral terrace ridges are 
primitive for the Class as a whole, only being secondarily lost in the Phacopida and 
Odontopleurida (Fortey and Owens in Kaesler, 1997, p. 265). Whilst the primitive 
condition appears to be that trilobites have simple, parallel or sub-parallel ventral 
terrace ridges, dorsal terrace ridges are also present in several groups. Many aspects 
of terrace ridges, including position (the parts of the exoskeleton on which they are 
found), course (e.g. transverse, concentric), density, strength and degree of 
asymmetry vary widely within groups across the Class. 
This study has sought to develop a method to compare the terrace ridge patterns 
within and between three major superfamilies of Order Asaphida in great detail, but 
it is also of value to consider the distribution of the different types of terrace ridge 
across the whole Class, in more general terms. Numerous examples of images in the 
literature where terrace ridges are clearly visible are listed in database form, which is 
provided electronically in Appendix A, and described in section 4.2. Figure 9.1 
shows a phylogenetic tree adapted from Thomas (2005, fig. 2), which gives a 
summary of relationships between the main trilobite orders and suborders. Thomas 
acknowledged that for the Trilobita "details of relationships remain controversial" 
(fig. 2 caption, p. 80) but considered the pattern of relationships shown in this tree to 
be "consistent with the discussion and classification in Kaesler ( 1997)" (p. 80). 
The groups used in figure 9.1, with major trilobite orders shown in capitals, and 
suborders in sentence case are first considered separately, with emphasis on those 
groups where ventral terrace ridges are not widespread and the potential reasons for 
this. The general terrace ridge states for each group are then mapped onto this tree in 
section 9 .2. It should be noted that these accounts are generalisations for each group, 
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and "while a particular type of sculpture may be widespread within a family or larger 
taxon, it may be neither exclusive to that taxon nor universal within it" (p. 83, 
Whittington and Wilmot in Kaesler, 1997). 
pan-trilobite clade 
au-trilobite clade 
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Figure 9.1 Phylogenetic tree showing relationships within the Trilobita (after Thomas, 2005) 
9.1.1 Agnostida 
According to Whittington and Wilmot (p. 81 in Kaesler, 1997), terrace ridges are 
"seemingly unknown" in Agnostida. However, weak or reduced terrace ridges 
within the Agnostida have occasionally been described in the literature, as are 
described in the following sections. 
9.1.1.1 Eodiscina 
Eodiscine terrace ridges are uncommon, and appear to be entirely restricted to the 
ventral exoskeleton. When present, they are often weak and irregular. A rare 
example of eodiscine terrace ridges is seen in the weymouthiid Bathydiscus 
dolichometopus (Rasetti, 1966, pl. 9, figs. 9 and 1 0), where faint, uneven terrace 
ridges are seen on the doublure. Doublural terrace ridges are also visible in 
Litometopus longispinus (Rasetti, 1966, pl. 8, fig. 8), another eodiscine weymouthiid, 
where they were observed to "follow the blunt serrations of the margin" (p. 28). 
However, terrace ridges are generally poorly known in this group, and it may well be 
that they were weakly present in primitive forms and then secondarily lost, 
presumably due to lack of utility. 
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9.1.1.2 Agnostina 
In some agnostines, a single doublural ridge is present, for example in the 
metagnostid Trinodus elspethi (fig. 1 H in Bruton and Nakrem, 2005), although these 
authors described this ridge as a doublural flange (rather than a terrace ridge), and 
interpreted it as a coaptative structure. This single ventral ridge is also clearly 
apparent on the pygidial doublure of Agnostus pisiform is (pl. 7, fig. 8 in Muller and 
Walossek, 1987) as well as very small scale short ridges and "riblets" on pygidial 
spines. This ridge structure is referred to in Bruton (2005) as an example of another 
flange, similar to that in Trinodus elspethi. Plate 7 in Muller and Walossek (1987) 
also illustrates several examples of the dorsal and ventral polygonal sculpture present 
on Agnostus pisiformis, which is discussed in the following section. 
9.1.1.3 Summary of Agnostida 
Trilobites of the highly specialised Agnostida are unusual in having weak or vastly 
reduced ventral terrace ridges. Whilst terrace ridges are present in the 
Weymouthiidae, the proposed ancestors of the Agnostina (Cotton and Fortey, 2005), 
it is likely that the single ventral ridge described for the Agnostina in section 9.1.1.2 
is not a true terrace ridge, and further investigation of this structure would be 
required to ascertain whether terrace ridges were entirely secondarily lost in this 
group. More common in Agnostina is the distinctive reticulate sculpture described, 
for example, in Galbagnostus galba by Whittington (1965, pl. 4, fig. 9 and 
reproduced in Kaesler, 1997, fig. 1 0) and Homagnostus obesus (Wilmot, 1990a, fig. 
1 ). Whilst this reticulate sculpture of raised, symmetrical ridges is not restricted to 
Agnostida, being present in groups as diverse as Olenellina and Trinucleidae 
(although it is by no means universally present in these groups), it is possible that 
terrace ridges were secondarily lost in the more derived groups, and this reticulate 
sculpture adopted instead. The Agnostina are characterised by extremely thin 
cuticles (5-15Jlm according to Wilmot, 1990a) and it has been demonstrated that the 
reticulate sculpture imparted some additional strength (Wilmot, 1990a), more 
perhaps than would have been provided by terrace ridges. 
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The mode of life of the Agnostida remains controversial (see Fortey and Owens, 
1999b ). It seems probable that the Agnostida were successful in a range of 
ecological niches and it has been suggested by several authors that the Agnostina 
spent at least some of their time enrolled (Robison, 1972; Muller and Walossek 
1987; Bruton, 2005; cf Fortey and Owens, 1999b). In this orientation ventral 
surfaces would have been unexposed, thus potentially removing the need for terrace 
ridges, which appear to have only been retained (if at all) to aid in enrollment. It is 
not implausible that some Eodiscines utilised ventral terrace ridges in frictional 
interaction with the substrate as described in chapter 2. 
9.1.2 Redlichiida 
Although Jell (2003) recently challenged the constitution of this almost certainly 
paraphyletic order and Fortey (200 1) acknowledged that the Redlichiina and 
Olenellina are in need of further evaluation, assessment of terrace ridges in these 
primitive groups is relatively straightforward. 
Within the Olenellina, the basal trilobite clade, according to several phylogenies 
(Fortey and Whittington, 1989; Fortey, 1990; Ramskold and Edgecombe, 1991; 
Fortey in Kaesler, 1997), terrace ridges are not common, although faint lirae are 
found on some dorsal surfaces, for example on the pygidium of Holmiella preancora 
(Fritz, 1972, pl. 4, fig. 6). Faint transverse dorsal ridges have been described, for 
example on the cephalon of lyouella contracta (Geyer and Palmer, 1995, fig. 6.9). 
More widespread in the Olenellina are reticulate structures, as described in section 
9 .1.1.3 and chapter 2, and granulation. Ventral terrace ridges are rarely described, 
but are seen, for example on the rostral plate of Bondonella sdzuyi (Geyer and 
Palmer, 1995, fig. 5.3). Whilst terrace ridges are clearly of less importance in this 
suborder, they are still present, as the primitive condition, and it may even be argued 
that all terrace ridge structures (many of which became highly modified and 
specialised) across the Trilobita were derived from this primitive clade. 
Dorsal terrace ridges are not widespread in Redlichiina, and are commonly weak on 
the pygidium, frequently occupying mainly the distal portion of the pleural regions, 
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where they run roughly subparallel to the nearest exoskeletal margin, rather than 
transverse. This seems to be the primitive condition for terrace ridges on the dorsal 
surface of trilobites as a whole, especially on the pygidium. Examples showing the 
range of variation of terrace ridges on the dorsal surface of the pygidium include 
Paradoxides (Eccaparadoxides) brachyrachis (Courtessole, 1973, pl. VI, fig. 7), 
Xystridura dunstani (Opik, 1975, pl. 25, fig. 3) and Giordanella meneghinii (Pillola, 
1991, pl. 25, fig. 13b). Terrace ridges on the dorsal surface ofthe cephalon are 
known but frequently occupy just the anteriormost third of the glabella, for example 
Paradoxides davidis (Nikolaisen and Henningsmoen, 1990, fig. 9A). An example of 
more widespread dorsal cephalic terrace ridges is Xystridura (Polydinotes) verticosa 
(Opik, 1975, pl. 8, fig. 1 ). Complex, anastomosing ridges, rather than terrace ridges, 
are characteristic of the dorsal surface of the Centropleuridae (Dean and Rushton in 
Kaesler, 1997, p. 478; fig. 308). 
Conversely, ventral terrace ridges in the Redlichiina are common. On the doublure 
they are usually fine and concentric, characteristic of primitive ventral terrace ridges, 
for example Paradoxides eteminicus (Hutchinson, 1962, Pl. XIX, figs. 8 & 9). They 
are also well known on the hypostome, for example Paradoxides davidis 
(Whittington, 1988, pl. 53, figs. 1 to 3). The mode ofhypostomal attachment in the 
Redlichiida is conterminant (Fortey, 1990), usually with a very wide rostral plate 
present, which often bears strong terrace ridges, as in Paradoxides davidis 
(Nikolaisen and Henningsmoen, 1990, fig. 9C) and Giordanella meneghinii (Pillola, 
1996, pl. 1, fig. 4). In general, conterminant hypostomes are found in trilobites that 
are thought of as predators or scavengers, which Fortey and Owens (1999b) 
hypothesised is the primitive condition for trilobites as a whole and it seems probable 
that the terrace ridges on the hypostome and rostral plate would have assisted in the 
maceration and preparation of food, acting like a rasp. Again, it seems not 
implausible that the terrace ridges, especially those on the peripheries (both dorsally 
and ventrally), would have been involved in some frictional interaction with the 
substrate, both when scavenging (possibly infaunally) and macerating food. 
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9.1.3 Ptychopariida 
This problematic order is almost certainly paraphyletic, but has proved difficult to 
dismantle (Fortey, 2001; Fortey in Kaesler, 1997, p. 295-297). As can be seen in 
figure 9.1 these natant trilobites appear to share their common ancestor (presumably 
a redlichiid) with all "higher" trilobites. Whilst the Olenina and Harpina (which it 
was recommended should be raised to ordinal rank, as the Harpetida, by Ebach and 
McNamara, 2002) are viewed as more derived, monophyletic "natural" groups 
(F ortey, 1990), the Ptychopariina remains problematic. 
9.1.3.1 Ptychopariina 
As pointed out by Fortey and Owens (1999b, p.446) and in the Treatise (Fortey in 
Kaesler, 1997, p. 296), ptychopariid morphology is frequently described as 
generalised, but given its distance from the primitive Redlichiida design, it may be 
better described as very durable as a consequence of successful specialisation. 
However, as far as ventral terrace ridges are concerned, the Ptychopariina are similar 
to other early groups. 
In the Ptychopariina, the doublure is often narrow, permitting the formation of only a 
few weak concentric terrace ridges, which are often better developed on the rostral 
plate and hypostome, for example Iranoleesia pisiform is (Wittke, 1984, pl.1, fig. 5). 
Terrace ridges on the pygidial doublure are exemplified by Crepicephalus buttsi 
(Rasetti, 1965, pl. 6, fig. 6), whereas cephalic doublural terrace ridges are seen in 
Ellipsocephalus hoffi (Snajdr, 1958; pl. 7, fig. 1), for example. 
True dorsal terrace ridges are unusual in many groups within the Ptychopariina, 
although lirae are relatively common. Examples of dorsal terrace ridges, again 
largely following the primitive condition as outlined in 9.1.2, include 
Ellipsocepha/oides monsensis (Westrop, 1986, pl. 25, fig. 4), which has terrace 
ridges on the pygidium, and Latoucheia (Latoucheia) epichara (Geyer and Palmer, 
1995, fig. 3.11), which has cranidial terrace ridges. 
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Ptychopariina were thought to have followed the particle feeding strategy as 
described by Fortey and Owens (1999b). Although neither ventral nor dorsal terrace 
ridges are particularly well developed in this group, where present, especially on the 
periphery, they may have engaged with the sediment, perhaps in order to maintain 
position whilst grazing. 
9.1.3.2 Harpina 
This unusual, specialised group of trilobites does not have "normal" terrace ridges, 
and like the Agnostina, it is doubtful as to whether the ridges identified in this group 
should be interpreted as such. It is possible that the single ridge that sometimes 
forms a distinct rim around the periphery of the brim is a highly specialised form of 
terrace ridge, and examples of concentric cephalic ridges, known as girders, are seen, 
for example in Harpides at/anticus (Whittington, 1965, pl. 6) and Dolichoharpes 
af£ D. reticulate (Chatterton and Ludvigsen, 1976, pl. 7, figs. 6 and 7). It was 
postulated by Fortey and Owens ( 1999b) that these trilobites (as well as trinucleioids 
and perhaps some bathyurids and brachymetopids) exemplify the filter chamber 
feeding strategy, aspects of which seem plausible from their reconstructions. Whilst 
terrace ridges are secondarily lost (or at least drastically reduced or specialised) in 
both the Harpina and the Trinucleidae (see section 9.1.5), the bathyurids do have 
well developed terrace ridges, so their absence is not entirely coincident with 
suggested filter feeding habits. In summary of the Harpina, it seems probable that 
terrace ridges (if any) have become extremely specialised in this highly derived 
group or have, more likely, been secondarily lost. 
9.1.3.3 Olenina 
Ventral terrace ridges are common in this group, except where the doublure has 
become prohibitively narrow. They are exemplified by Balnibarbi pulvurea (Fortey, 
1974, pl. 2, fig 5) where the broad pygidial doublure has a surface sculpture of 
closely set terrace ridges which run subparallel to the posterior border. Significantly, 
Fortey (1974) separated species of Balnibarbi on the basis of their different surface 
sculpture. Tropidopyge alveus (Fortey, 1974, pl. 16, fig. 2) shows similarly dense 
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terrace ridges on the cephalic doublure. Terrace ridges on the hypostome are seen in 
Dislobosaspis guizhouensis (Yin eta/., 2000, figs. 3h, f, i). 
Dorsal terrace ridges are known in the Olenina, for example on the pygidium of 
Hypermecaspis latigena (Fortey, 1974, pl. 13, figs. 3 and 4). On the dorsal surface 
of the cephal on, fine terrace ridges are present but often restricted to the anterior 
border and the front of the glabella, for example Cloacaspis senilis (Fortey, 1974, pl. 
1 0, fig. 16). 
Fortey (2000) suggested that the olenids were chemoautotrophic symbionts on the 
basis that they have thin cuticles, wide pleural regions and many segments and were 
tolerant of oxygen-poor, sulphur-rich sea floor conditions. This specialised feeding 
strategy does not suggest any specialised role (apart from gripping) for the fine, 
dense, terrace ridges found in this group, but, in view of the extremely thin cuticle in 
this group, and the depths at which they are thought to have lived, it is possible that 
these numerous ridges may have imparted additional strength (Wilmot, 1990c ). 
9.1.4 Proetida 
Doublural terrace ridges are well developed across the Proetida, and are often 
pronounced and concentric, as can be seen on Proetus (s.l.) haverfordensis (Owens, 
1973, pl. 1, fig. 9b ). Prominent, often complex, hypostomal terrace ridges are well 
known in this group, for example Proetus (Coniproetus) irroratus (Chatterton eta/., 
1979, pl. 104, fig. 6) and Cornuproetus peraticus (Thomas, 1978, pl. 11, fig. 11a). 
Dorsal terrace ridges are frequently restricted to the antero-lateral border of the 
cephal on and the posterior and lateral border of the pygidiurn, as illustrated in 
Paladin eichwaldi shunnerensis by Clarkson and Zhang (1991, figs. 3, 8) and in 
many plates by Adrain ( 1997, e.g. see pis. 25 and 26). These short dorsal ridges run 
sub-marginally rather than transverse. Bertillon (fingerprint-like) patterns oflirae are 
also seen on the glabella in this group, for example Ascetopeltis barkingensis 
(Owens, 1973, pl. 5, figs. 2, 3b ). 
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In this order, tuberculation is often common on the glabella, pleural regions and 
pygidial axis, and this may explain the lack of terrace ridges in these areas. As 
discussed in section 2.4.3, terrace ridges are frequently observed to form by the 
convergence of aligned tubercles in this group, although the phenomenon is by no 
means restricted to the Proetida and was discussed at length (and computer-
modelled) by Hammer (2000). Early Proetida were natant (and therefore particle 
feeders according to Fortey and Owens (1999b)) but later (Carboniferous to Permian) 
forms were secondarily conterminant and impendent, possibly adopting a 
predator/scavenger type of feeding strategy, potentially occupying ecospace 
previously occupied by (now extinct) conterminant and impendent trilobites, as 
depicted in the Treatise (Fortey and Owens in Kaesler, 1997, fig. 196). Considering 
the Proetida as a whole, terrace ridge morphology seems fairly uniform. Whilst it is 
beyond the scope of this present investigation, it would be interesting to see whether 
there is a (presumably subtle) change in terrace ridge morphology which reflects this 
suggested change in feeding strategies. 
9.1.5 Asaphida 
The Asaphida comprise the main dataset of this thesis (see chapters 3, 5, 6, 7 and 8), 
and numerous examples of their highly variable terrace ridge morphology are 
provided herein. This group were chosen for morphometric analysis on the basis of 
their specialised dorsal and ventral terrace ridges, present on all parts of the 
exoskeleton, and especially prominent and well developed on the doublure and 
hypostome. They were also selected on the basis of the range of modes of life and 
feeding strategies displayed by this group, as summarised by Fortey and Owens 
( 1999b ). Most Asaphida were conterminant or impendent (F ortey and Chatterton, 
1988), and a predatory or scavenging lifestyle was suggested. In the Treatise 
(Kaesler, 1997, p. 263), Fortey and Owens remarked that in some Asaphidae and 
Nileidae, terrace ridges run continuously from the cephalic doublure to the 
hypostome, forming a single functional unit. It is inferred that, in this instance, these 
terrace ridges may have had a sediment gripping function. Additionally, many 
Asaphida have highly modified hypostomes with forks (Fortey and Chatterton, 
1988), often bearing possible rasping surfaces on the inner edges, e.g. Isotelus. In 
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the Treatise (Kaesler, 1997, p. 264), Fortey and Owens suggested that these modified 
hypostomes may have assisted in the handling of tougher or bulky food items. 
The exceptions to those Asaphida proposed to have a predatory or scavenging 
lifestyle are the highly specialised filter feeding Trinucleidae and the pelagic forms. 
Examples of pelagic, possibly planktonivorous (Fortey and Owens, 1999b, p. 452) 
asaphids are restricted to cyclopygids and the nileid Parabarrandia (Fortey, 1985) 
and some remopleuridids (Bergstrom, 1973a, b; F ortey, 1985). The only group 
within the Asaphida in which true terrace ridges are less common is the Trinucleidae. 
It seems probable that, as in the case of the Harpina, this is linked to their feeding 
strategy. In this group weak terrace ridges are seen very occasionally on the 
cranidium (e.g. Bergamia agricola, Shaw, 1995, fig. 9). Ridges are seen around the 
trinucleid fringe margin, for example Cryptolithus tesselatus (Whittington, 1959, pl. 
22, figs. 11 and 12) where Whittington described them as "parallel raised lines" (p. 
446). "Raised lines" on the girder (and internal rim) of Tretaspis sagenosus are 
illustrated by Whittington (1959, pl. 25, figs. 3 and 4) and concentric rings of small-
scale ridges have even been observed surrounding and descending into pits on Onnia 
(J. K. Ingham, pers. comm., 2000). The trinucleid doublure is extremely narrow but 
ventral (terrace?) ridges are occasionally visible on the lower lamella, for example 
Tretaspis sortita broeggeri (Owen, 1980, pl. 92, fig. 1 0). 
In summary, terrace ridges in the Asaphida are widespread and well developed. 
Ventral terrace ridges are only (possibly) secondarily lost within the highly 
specialised Trinucleida. 
9.1.6 Phacopida 
In the Treatise (Kaesler, 1997, p. 265), Fortey and Owens stated that ventral terrace 
ridges were secondarily lost within the Phacopida "where they were replaced by 
pustules or small, scalloped ridges". Fortey (2001) discussed the lack of ventral 
terrace ridges on the doublure as a plausible synapomorphy further justifying the 
inclusion of Cheiruroidea and Calymenoidea in Order Phacopida. However, whilst 
-253-
terrace ridges are indeed practically unknown in the Cheirurina and the Calymenina, 
they were not completely lost within the Phacopina. One possible explanation is that 
they were secondarily lost within the Phacopida, and were then secondarily regained 
by the alignment of tubercles. 
9.1.6.1 Phacopina 
Ventral terrace ridges were described in detail for Phacops rana by Miller (1976), 
who figured them on both the doublure and the hypostome. He noted that terrace 
ridges "were restricted to the body margins" dorsally (p. 361 ). Bruton and Haas 
(1997) observed coarse terrace ridges in Phacopinae, for example on the pleural tips 
and the edge of the pygidium in Geesops sparsinodus (text-fig 7) and on the pleural 
tips of Reedops (pl. 9), and noted transverse ridges on the inner edge of the doublure, 
which they interpreted as being involved in enrolment. They also described a "finger 
print pattern of fine concentric ridges" (p. 20) on the exoskeletal surface of the 
articulating half ring in Geesops (fig. a in text-fig 11 ), which they suggested had a 
frictional function. According to Chatterton and Speyer (in Kaesler, 1997, p. 231) 
"distinctive characters of protaspides of Phacopina include an incurled, narrow 
doublure that may have fine terrace ridges". 
9.1.6.2 Cheirurina 
In this group terrace ridges are thought to be unknown, and the literature was not 
closely examined for examples. However, in Tripp (1967), examples of both dorsal 
and ventral terrace ridges are seen on the stem group cheirurid Pliomerella 
craigensis, although those on the librigena (pl. 4, figs. 24, 25b) could possibly be 
interpreted as aligned tubercles. Those on the pygidial doublure (pl. 4, fig. 34) 
appear to be true terrace ridges. Two parallel ridges on the librigena of 
Ovalocephalus yangtzeensis are visible in Yin et al. (2000, figs. 6d, 6g). 
Additionally, Edgecombe et al. (1988) described doublural terrace ridges on stage 1 
and 2 protaspides of Encrinuroides insularis (see figs. 2, 3.1 and 3.7) and Balizoma 
sp. (p. 788). 
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9.1.6.3 Calymenina 
Within this group, no ventral terrace ridges are known to have been observed, at least 
in holaspid forms. Dorsal terrace ridges on the pygidial border are, however, clear 
on the primitive bavarillid Holoubkocheilus granulatus as figured by Mergl (1994, 
pis. 2 and 3). Additionally, Chatterton et al. (1990) figured potential terrace ridges 
on protaspides of Flexicalymene senaria (figs 5.17 and 5.18). Here, on the librigenal 
doublure they were described as "terrace lines (or, at least, furrows and ridges that 
run subparallel to the margins)". It was noted that they appear to be absent in 
planktonic and holaspid forms. 
9.1.6.4 Summary of Phacopida 
Ventral terrace ridges are very poorly known in the Phacopida, but they have not 
been entirely lost within this group, and are present in juvenile and possibly some 
stem group or primitive forms. Dorsal terrace ridges are also rare. Phacopida are 
impendent, and a predatory mode of life was postulated for some Phacopida by 
Miller (1976) and McNamara (1980). As remarked by Fortey and Owens in the 
Treatise (Kaesler, 1997, p. 265), it seems likely that these highly derived groups 
evolved other surface sculpture such as granules in place of terrace ridges, perhaps 
for camouflage purposes (Best, 1961; Brezinski, 1988). An alternative suggestion by 
Chatterton ( 1980, p. 6) is that granules may have helped to protect trilobites from 
predators with suckered tentacles, which could have gripped a tuberculate surface 
less readily than a smooth surface. 
9.1.7 Corynexochida 
Terrace ridges in this group as a whole, are, like the Asaphida, extremely well 
developed on both dorsal and ventral surfaces, and numerous examples are provided 
in Appendix B. There are also many excellent examples of Bertillon patterns in this 
group, famously in Phillipsinella (Bruton, 1976), who also noted that granules 
sometimes merge to form raised lines in Phillipsinella (p. 702), as described in 
section 9.1.4. Within the Corynexochina terrace ridges are relatively uncommon, 
although dorsal and ventral examples are known. However, the inclusion of the 
Leiostegiina and Scutelluina within the Corynexochida (Fortey, 1990) has resulted in 
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this order containing trilobites with some of the most highly developed terrace ridge 
systems within the Trilobita, particularly within the illaenids and the styginids where 
the presence of a large, flat doublure seemingly enabled highly developed terrace 
ridge systems to evolve. A good example is Eobronteus /aticauda (Whittington, 
2000, figs. 3 and 4). It seems possible that these strong, extensive terrace ridge 
systems (especially on the dorsal surface) are more derived, and whilst they initially 
coexisted with the Asaphida, these groups may have taken over ecological niches 
occupied by the Asaphida following their demise at the end of the Ordovician. A 
more detailed morphometric analysis of the complex terrace ridges of this diverse 
group may well yield interesting findings. 
9.1.8 Lichida 
Fine, concentric (sometimes coalescing) terrace ridges are well developed on the 
wide doublures of the Lichidae, for example Arctinurus boltoni (Whittington, 2002, 
figs. 1-3). The dorsal surfaces of the Lichidae have a characteristic surface sculpture 
comprising "scattered larger tubercles in a background of granules" (Whittington, 
2002, p. 313), and true terrace ridges are not known. However, Holloway and 
Thomas (2002, p. 121; fig. 3) described a "dorsal surface ofpygidium with scaly 
sculpture, on pleurae having appearance of discontinuous, serrated terrace ridges 
aligned more or less transversely" in Autolixolichas sanctamathiae. Whilst not 
strictly on the dorsal surface, Thomas (1981, p. 79) observed that in Platylichas 
grayii the coarse granules on the lateral margin of the free cheek "become aligned 
and coalesce to form coarse terrace ridges on the doublure". The characteristic 
granulate/tuberculate sculpture is also found on the median body of the hypos tome, 
but terrace ridges are present on the wings and borders, for example Dicranope/tis 
sp. (Thomas, 1981, pl. 19, fig 13). 
According to Fortey and Owens in the Treatise (Kaesler, 1997, p. 265), within the 
Odontopleurida, ventral terrace ridges are secondarily lost and, as in the Phacopida, 
replaced by pustules or small, scalloped ridges. No examples of ventral terrace 
ridges in juvenile forms are known, and only one example of odontopleurid terrace 
ridges was located, in Ceratocara argentina (Edgecombe et a/., 1997, pl. 4 fig. 1 0), 
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where they are shown on the pygidial doublure, which is typically very reduced in 
this group. However, in general, terrace ridges are not found in the Odontopleurida, 
and it seems probable that this is related to their great spinosity. As remarked in the 
Treatise (Fortey and Owens in Kaesler, 1997, p.265), strongly developed (cephalic) 
doublural terrace ridges in other groups (e.g. Asaphida, Illaenidae and 
Brachymetopidae) may have aided in resting on, restraining or shovelling sediment, 
but this function could not have applied to the odontopleurids with a border of 
downward-pointing spines, which possibly explains the secondary loss in this group. 
It is possible that the odontopleurids used their spines as stabilisation structures 
(Clarkson, 1969) instead of ventral terrace ridges. 
Therefore, in summary, dorsal terrace ridges were secondarily lost in the Lichida, 
presumably in favour of other cuticular structures, primarily granules and tubercles 
and spines. Whilst ventral terrace ridges were strongly developed on the wide 
doublure of the Lichida, they were secondarily lost in the Odontopleurida, 
presumably in response to the acquisition of complex spines. 
9.2 Mapping of terrace ridge character occurrence onto 
phylogeny 
The trends in various types of terrace ridge development and loss are summarised in 
table 9.1, which records the presence of terrace ridges on the dorsal, ventral and 
hypostome (median body) areas, as well as the occurence of lirae, as described in 
section 9.1. To provide finer discrimination, each characteristic was described as 
being strongly present, weakly present or absent. 
Capital letters D and V represent strongly developed dorsal and ventral terrace ridges 
respectively, whilst lower case letters d and vindicate weak development of dorsal 
and ventral terrace ridges in a group. No entry in the data matrix indicates absence 
of that character in that group. In the case of lirae, only their presence or absence is 
coded for, by means of capital letter L. 
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Table 9.1 Data Matrix for Terrace Ridge Occurrence 




Redlichiida d v L H 
Ptychopariina d v L 
Harp ina d? 
Olen ina d v L H 
Proetida d v L H 
Asaphida D v L H 
Phacopina d v L H 
Cheirurina d? v? 
Calymenina d? 
Corynexochi ida D v L H 
Lichida v H 
An attempt was made to subdivide the presence of ventral terrace ridges on the basis 
of their occurrence on the median body of the hypostome (denoted by H). It can be 
seen from this table that H maps directly onto V, so the definition of V is instead 
expanded to include well developed terrace ridges on the median body of the 
hypostome as well as strong ventral terrace ridges. 
The mapped tree (Figure 9 .2) shows the suggested development in terrace ridge 
features across the Trilobita. Terrace ridge development or loss at each common 
ancestor is indicated by one or two arrows which denote an increase, decrease or 
strong decrease in the development of each type of ridge. These character 
developments have been optimised in order to achieve the most parsimonious 
sequences, i.e. the fewest number of changes across the tree. The numbering of the 
implied ancestors is for convenience of reference only and should not be used to 
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Fig. 9.1 Distribution of trilobite terrace ridges (after Thomas, 2005, fig. 2) 
While it is recognised that the original tree was constructed using a far broader range 
of trilobite characteristics than terrace ridges, this mapping process does raise several 
interesting issues. 
The earliest plesiomorphic terrace ridge state was the character of having only weak 
ventral terrace ridges. From this primitive ancestor (1 ), the Agnostida developed 
little in terms of terrace ridges, and their presence in Agnostina is doubtful. The 
secondary loss of ventral terrace ridges is polyphyletic although eleven out of 
thirteen of the end-groups have retained their ventral ridges to some extent, an 
indication of their having utility in trilobites. 
Due to their presence across the sister groups of the eu-trilobite clade, it can be 
inferred that the common ancestor (2) had lirae and dorsal terrace ridges and that 
dorsal ridges became increasingly important in some groups. 
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The tree branches in three directions from ancestor 4. This is presumably due to the 
cladistic analysis inference of a monophyletic group encompassing Asaphida + 
Ptychopariida + Proetida + Phacopida. The Asaphida share their common ancestor 
(4) with ancestors 5 and 7, but there is insufficient evidence to identify the sequence 
of the divergence. In terms of terrace ridges, as the Asaphida are more consistently 
synapomorphic with the Proetida and the Ptychopariida than with the Phacopida, (the 
Harpina are a separate case, as discussed below); this could potentially be resolved as 
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Figure 9.3: Refinement to trilobite tree suggested by cladistic mapping of terrace ridge characteristics 
In terms of terrace ridges, Harp ina noticeably lack the synapomorphic character 
states common across the rest of what could be considered a paraphyletic group; the 
Ptychopariida and their nearest sister groups, the Proetida and Asaphida, presumably 
reflecting their highly derived feeding strategy. A limitation of working at this level 
of orders and suborders is that any convergences (e.g. between the Harp ina and the 
Trinucleidae), most likely a response to repeatedly adopted modes of life, cannot be 
shown. 
This mapping approach also suggests that majority of terrace ridge developments 
involve secondary ridge loss. The implication from several branches on the tree is 
that strong dorsal terrace ridges have developed, only to be secondarily lost. This 
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may be due to changing feeding strategies, reflecting different utility for terrace 
ridges. It is certainly correlated with the development of alternative types of 
sculpture in the Phacopida, Lichida and Proetida. The alternative to secondary loss 
would require several more instances of loss followed by regain which, although not 
evolutionarily impossible, would constitute a less parsimonious solution. 
Conclusions 
As can be seen from the preceding discussion, the possession of doublural terrace 
ridges is primitive for the Trilobita. They are present in both primitive and derived 
groups, only being secondarily lost, or at least highly reduced or specialised, in the 
Cheirurina, Calymenina, Agnostina, Harpina and Odontopleurida. Their loss may 
well be related to the acquisition of different types of cuticular structure (e.g. 
reticulation or granulation) and the adoption of specialised feeding habits in these 
groups. As remarked by Fortey and Whittington (1989, p. 136), the presence of 
doublural terrace ridges may characterise a larger clade than Trilobita. 
Dorsal terrace ridges appear to be more labile than ventral terrace ridges, and their 
distribution is more complex. Very dense dorsal terrace ridges occur in several 
lineages of some derived groups (particularly the Asaphida), suggesting functional 
convergence, but dorsal terrace ridges were also secondarily lost within sister groups, 
perhaps again in relation to feeding strategies. The distribution of lirae (including 
Bertillon patterns) across the Trilobita is widespread, but not universal. 
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9.3 Evaluation of possible functions of terrace ridges (in the 
context of the new data presented in this thesis) 
In order to evaluate the results of the morphometric analyses presented in chapters 3, 
5, 6, 7 and 8, the findings will now be examined in terms of the more plausible 
suggested terrace ridge functions that were discussed in chapter 2. The main aims of 
these analyses were methodological and focussed on technique development so these 
hypotheses were not directly addressed, but the results can shed some light on the 
various suggestions for the functions of terrace ridges. These are primarily 
considered in terms of the three trilobite exoskeletal areas that were analysed (the 
pygidial doublure, the hypostome and the dorsal surface of the pygidium) and the 
role those areas would have played in any functional scenario. 
9.3.1 Null Hypothesis- no function 
The possibility exists that terrace ridges are randomly distributed within the 
Asaphoidea, Cyclopygoidea and Remopleuridoidea, and are not under the control of 
any phylogenetic or functional selective pressure. However, if this were to be the 
case, the data presented in the preceeding chapters would be chaotic, and it is 
apparent that whilst the groupings are not always clear, there is some structure to 
these datasets, especially at the family/subfamily level of grouping. The results are 
of course susceptible to collection bias, taphonomy, errors in identification and 
methodological errors etc., but the null hypothesis is convincingly rejected. 
9.3.2 Frictional Interaction 
As was explored in chapter 2, the most plausible explanation for most terrace ridges, 
by analogy with extant and other fossil forms, is that terrace ridges in suitable 
positions on the exoskeleton assisted in frictional interaction with the substrate. 
Whilst evidence for Schmal fuss' ( 1981) feeding chamber hypothesis seems flawed, 
especially in light ofFortey's (1985, 1986) criticisms, it certainly seems plausible 
that terrace ridges on the dorsal surface and periphery of the exoskeleton, or on flat 
(i.e. non-reflexed) doublures could have helped to engage with the substrate, 
especially on the anterior cephalic doublure, where they are strong and horizontal 
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(Fortey and Owens, 1999a). This frictional interaction may have aided the process of 
burrowing through sediment looking for food, by resisting back-slippage, or it may 
have helped to contain sediment in order to stabilise a burrow, or it may simply have 
assisted with maintaining a position on the sea floor. 
One obvious test of the frictional interaction hypothesis would be to consider the 
differing terrace ridge arrays found in benthic and pelagic trilobites, on the basis that 
those trilobites which spent more of their time above the sea floor would have had 
less need, or a differing use, for these structures, especially those on the pygidial 
doublure (and possibly the dorsal surface of the pygidium) which it is postulated 
were involved in gripping the sediment (Schmalfuss, 1981; cf Fortey, 1985, 1986). 
However, if terrace ridges were entirely involved in interaction with the sediment, it 
might be postulated that these structures would have been secondarily lost, or 
reduced, or became in some way distinct in pelagic forms, and these latter 
possibilities can be explored by considering the results of the various analyses 
performed in this study. Terrace ridges are certainly not lost in pelagic forms, and 
explanation of their presence on the anterior cephalic border (e.g. Pricyclopyge) in 
terms of the sediment engagement hypothesis is problematic, as discussed by Fortey 
(1985). Unfortunately, insufficient good examples of terrace ridges on the cephalic 
border were available to perform an analysis and they fall outside the scope of this 
study. However, it is quite clear from the qualitative survey that these types of 
terrace ridges are well known in pelagic forms and a non-frictional interaction 
hypothesis would be implied for these particular ridges. Examples of these terrace 
ridges are provided on the DVD in Appendix B. 
The hypothesis that pelagic forms had distinct or reduced terrace ridges can be tested 
by the analyses herein. Clearly all pelagic forms in this analysis had terrace ridges 
but a reduction in ridge numbers or strength, or a change in patterning, might suggest 
a lessening in importance, or a different utility to frictional interaction. 
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Terrace ridges on the pygidial doublure 
Within this dataset, terrace ridges are generally weaker and more sparse on pelagic 
forms on the areas of the exoskeleton analysed, especially the pygidial doublure. 
Counts of terrace ridges on the pygidial doublure of 217 trilobites did reveal that 
pelagic trilobites have fewer terrace ridges, on average, than benthic trilobites, and 
are less variable in number (see section 6.5). The F value for this was 48.86, which 
indicates a very significant difference between the benthic and pelagic groups. If the 
sediment gripping hypothesis were true for the pygidial doublure, pelagic trilobites 
would theoretically have had less need for terrace ridges as sediment grippers, and 
this may be why they became reduced in number (and strength) in the pelagic forms. 
The possibility of course remains that pelagic forms may have spent some of their 
time on the sea floor and that these terrace ridges were of value in frictional 
interaction at least some of the time. 
Considering the phylogeny of the pelagic groups, the remopleuridids (some of which 
are inferred to have been pelagic) are more derived than their apatokephalinid and 
richardsonellid ancestors, and cyclopygids are a more derived, specialised group than 
their asaphid ancestors (Fortey and Chatterton, 1988). The latter point was 
tentatively supported by the preliminary results examining the pygidial doublure in 
chapter 3 (see figures 3.16-3.18 and 3.26-3.28) which separated out the "t crown" 
group nileids and the cyclopygids from the "stem" group asaphids. Any parallelism 
between these advanced groups might suggest a functional convergence, and in 
graph 6.15 it is apparent that the two pelagic groups (all the cyclopygids and the 
pelagic remopleuridids) have each moved away from the common area of shape 
space occupied by all the benthic forms. The Cyclopygidae occupy an area on the 
edge ofthe benthic shape space, which is most apparent on ES-2 (see figs. 6.28-31). 
The consideration of a more primitive pelagic taxon, e.g. the pygidial doublure of 
Prospectatrix, suggests that early pelagic forms evolved rapidly to occupy distinct 
areas of shape space (see fig. 6.29). The extent of shape space of the pelagic forms 
within the Remopleuridinae is to some degree distorted by the inclusion of the 
unusual trilobite Hypodicranotus (see section 6.3 for a brief discussion of this taxon) 
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but the pelagic forms do seem to define their own area of shape space (see fig. 6.15 
and fig. 6.54), with the benthic forms found within the central zone. 
Whilst the gross morphology indicates this anyway (and the argument is in effect 
circular as the pelagic inference is based in part on gross morphology, which in turn 
informs taxonomy), both the more derived groups, which each contain pelagic forms, 
do seem to occupy distinct areas of shape space when analysed in terms of their 
pygidial doublure, which may tentatively suggest functional convergence. This may 
independently suggest a different function, other than sediment gripping, for the 
terrace ridges on the pygidial doublure of pelagic forms, but the argument is not 
COnVInCing. 
Examining further the results of the pygidial doublure study, we could speculate that 
if doublural terrace ridges were designed for substrate interaction, a simple design 
would be sufficient, resulting in there being very little structure to the benthic shape 
space, which is what was demonstrated in figure 6.2. Here the various benthic 
groups are seen to occupy overlapping areas of shape space, and the individual 
groups are not easily discerned. Elaborate, complex patterns would have had no 
utility if gripping were the purpose of these ridges and maybe the conservative nature 
of these types of terrace ridges suggests that they performed this straightforward 
function and there was no requirement to differentiate this apparatus between 
different groups. The observation that benthic forms all have broadly similar terrace 
ridges on the pygidial doublure, but that pelagic forms are, to some extent, distinct, 
may provide some support for this speculation. Returning to the discussion in 
section 9.2, this would imply that the primitive condition in trilobites included a 
pygidial doublure that utilised terrace ridges in some frictional interaction scenario, 
F ortey' s reasonable criticisms ( 1985, 1986) notwithstanding. Whilst F ortey is 
correct that the terrace ridges on the doublure could not have been entirely in contact 
with the substrate in many groups, the possession of ridges close to the periphery 
may have been of value in gripping. It is impossible to speculate with any certainty 
but perhaps the genetic instruction to make terrace ridges on the doublure caused 
terrace ridges to form throughout the doublure, through a lateral inhibition 
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mechanism as proposed by Hammer (2000), but only those at the periphery had a 
gripping utility in these primitive forms. These simple terrace ridges could have then 
evolved (possibly to perform other functions, see below for further possibilities) on 
the other areas of the exoskeleton. 
Terrace ridges on the hypostome and pygidial doublure 
The results of the analyses of the hypostome and the dorsal surface of the pygidium 
are far less easy to interpret. Here the pelagic and benthic trilobites do not occupy 
unique zones of shape space, as indicated by the relatively high values of Wilk's 
lambda (which indicates the populations are not distinct, with overlapping means), 
but the analyses do indicate that the pelagic forms occupy fairly well clustered 
coherent areas of shape space, as measured by the relatively high value ofRao's F 
(see sections 7.3.6 and 8.2.6 for details). On the dorsal pygidium, the Cyclopygidae 
are well clustered, but not distinct from the other groups. The pelagic 
Remopleuridinae define the overall shape space envelope as can be seen by 
comparison of figures 8.13 and 8.44, but the three Richardsonellidae occupy a large 
area of shape space that would otherwise have been unique to pelagic 
Remopleuridinae. Equally, in the analysis of the hypostome, the effect of the 
inclusion of the Megistaspidinae has been to extend benthic shape significantly into 
an area of pelagic shape space (see fig. 7.14 and section 7.3 .5 for a brief discussion). 
In summary, the separation of pelagic and benthic forms on the basis of their 
hypostomal and dorsal pygidial terrace ridges is problematic at this stage. It could 
perhaps be postulated that these terrace ridge patterns had no requirement to be 
significantly distinct in the pelagic and benthic forms, and testing the frictional 
interaction hypothesis according to mode of life is inappropriate for these areas of the 
exoskeleton. 
However, in the analysis ofhypostomal terrace ridges, separation at a 
family/subfamily level is quite clear, with a high value ofRao's F (see sections 7.3.1 
and 7.3.2). The more complex patterns on the hypostome suggest a different utility 
and more specialisation, and it is possible that the various forms may have utilised 
these terrace ridges in different ways in different groups. It is widely accepted (see 
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Fortey and Owens in Kaesler, 1997; Fortey and Owens, 1999b) that the hypostome 
was likely to be functional, and in these advanced Asaphida it was probably 
important in feeding behaviour, as discussed in section 9.1.5. The development of 
terrace ridges on the hypostome may well have been part of this adaptation to 
different feeding strategies, perhaps involving a frictional interaction with food (i e. 
gripping) rather than the substrate. Unfortunately this analysis does not include 
trilobites with well established differing feeding habits. The only possible area of 
enquiry is within the pelagic forms, where the more streamlined examples (for 
example Degamel/a and the nileid Parabarrandia in this dataset) may have been 
predator/scavengers and the more sluggish forms (e.g. Microparia and 
Remop/eurides) may have been planktonivorous (Fortey, 1985), but the streamlined 
and sluggish forms are distributed across pelagic shape space (see figure 7.14) 
making any conclusions impossible with such a small dataset. Incidentally, only one 
nileid in this analysis was putatively pelagic, the streamlined Parabarrandia, but this 
taxon plotted more closely with the benthic nileids than the other pelagic forms (see 
figures 7.14-7.17 and 7.3 8-7.41) and effectively distorted pelagic shape space. 
The analysis of terrace ridges on the dorsal pygidium indicates that most groups are 
well constrained (with the exception of the Remopleuridinae ), but benthic and 
pelagic forms seem to occupy common shape space (see for example the overprint of 
the Cyclopygidae onto benthic shape space in figure 8.22 and the overlap of the 
benthic Richardsonellidae and the pelagic Remopleuridinae in figures 8.10 and 8.42-
8.45). The confused picture here could perhaps imply that the terrace ridges on the 
dorsal pygidium were used in similar ways by both pelagic and most benthic forms, 
with no need for specialisation, but no further inference can be made as regards the 
frictional interaction hypothesis, and there is equal support for other hypotheses (see 
below). 
Terrace ridges on the dorsal pygidium may have assisted during backwards 
burrowing, as suggested by Stitt (1976) and Fortey (1986). However, the only 
trilobite within the Asaphida that has been convincingly suggested to perform this 
function is Symphysurus. Therefore, in this analysis, only two data points address 
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backwards burrowing forms and the results here are equivocal (see figs. 8.33-8.35). 
It is doubtful that any difference would have been discerned by this analysis as these 
terrace ridges are similar to those in other forms, except for the ridge scarp direction. 
This form of analysis would not capture such variation. 
Summary 
In summary, there seem to be some value in the frictional hypotheses, which 
qualitatively are the most plausible given the similarity of terrace ridges with 
burrowing and gripping structures in other groups, as discussed in chapter 2. A 
function for the terrace ridges on the pygidial doublure involving interaction with the 
substrate is not ruled out, and this may have been the "primitive condition". 
However, there is little evidence to support a substrate gripping scenario for terrace 
ridges in the hypostome, which may have instead gripped food and the results of the 
study of the terrace ridges on the dorsal surface of the pygidium are inconclusive. 
Further investigations are required to demonstrate the validity of this hypothesis, and 
would need to incorporate much additional data about the terrace ridge bearing forms 
being analysed, including ridge amplitude and angles, substrate types (especially the 
role of grain size), feeding strategies and life position. 
9.3.3 Current Monitoring Hypothesis 
As discussed in chapter 2, this theory, proposed by Miller (1975), explained the 
apparent relationship between terrace ridges and associated rows of pits on terrace 
ridges in terms of a sensory current monitoring apparatus. Setae for detecting 
changes in current direction, and sensing food, were proposed to have been housed 
within the accessory pits. As discussed in chapter 2, other studies, as well as this 
one, have failed to find pits convincingly associated with terrace ridges and the 
hypothesis seems unlikely to be correct on this and many other counts, although 
some workers have shown some support for this hypothesis, most recently 
Whittington (1997) and Schraut and Feist (2004). 
This present analysis does not address the current monitoring hypothesis directly, 
although it seems that were Miller to have been correct, terrace ridges would only be 
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found on areas of the exoskeleton which were exposed to currents, and this is clearly 
not the case. An implication of this hypothesis is that terrace ridges would be weaker 
in active burrowers or active swimmers, as it would most likely only have applied to 
mainly sedentary forms which allowed the food to approach them, or perhaps 
hunting predators or scavengers. Deposit feeders were not included in this analysis, 
and these may have benefited most from such a system. Regarding the present study, 
pelagic forms, which presumably would not have had utility for this current 
monitoring apparatus (at least whilst swimming and creating their own currents), do 
seem to have reduced terrace ridges, as described in section 9.3 .2, and the suggested 
predator/scavenger benthic forms, which would perhaps have benefited from an 
"early warning system" do generally have stronger ridges, as would be expected if 
this hypothesis were correct. These groups are, to some extent, separated by the 
analyses herein (as was shown in section 9.3.2). However, the lack of consistent 
association of pits with ridges and the doubtful hydrodynamic explanation (Miller's 
sensory hairs could almost certainly not have penetrated the boundary layer at such 
small Reynolds' numbers, and therefore no current information could have been 
detected), as well as many other problems with this theory (as discussed further in 
chapter 2) make this hypothesis seem very unlikely. Any further investigation of this 
hypothesis would need to focus on establishing the hydrodynamic conditions 
experienced by the trilobite (as is the case for any streamlining hypotheses for terrace 
ridges too), as well as demonstrating a convincing association of pits with ridges. 
9.3.4 Species Recognition Hypothesis 
If terrace ridges were to have been useful in species recognition (as suggested in 
passing by Fortey and Owens (1999a, p. 543)) or some other social behaviour, it 
could be hypothesised that terrace ridges would be distinct between species (or 
perhaps some other low level of classification), especially on those areas of the 
exoskeleton which would have been visible to other trilobites. One potential test of 
this hypothesis would be to investigate whether terrace ridges on the pygidial 
doublure were more species specific in pelagic forms, where the pygidial doublure 
would potentially have been seen by other trilobites. Less species specificity would 
be hypothesised to apply to the terrace ridges on the pygidial doublure of benthic 
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forms as the terrace ridge arrays would presumably have rarely been seen by other 
trilobites. 
Additionally, terrace ridges on the dorsal surface and possibly the hypostome would 
be expected to show species specificity for trilobites with most modes of life, except 
perhaps blind or infaunal forms. This hypothesis also makes assumptions about the 
quality of trilobite vision, but for the purposes of this discussion it will be assumed 
that trilobites could see terrace ridges. These tests are both addressed, to some 
extent, by the studies herein. 
Pygidial doublure 
In section 6.5, statistically significantly different densities of terrace ridges on the 
pygidial doublure were seen in the various families within the dataset, with the 
fewest number of ridges and least within-family variation being observed in the 
pelagic forms (table 6.18). This technique only considered the pygidial doublure, but 
could be extended to other areas of the exoekeleton to further illuminate any 
differences between benthic and pelagic forms. The study was conducted at too high 
a level of classification to measure species specificity, and the statistics produced 
only gave within-family variation, but the low standard deviations within the pelagic 
forms would indicate support for the hypothesis that those trilobites which could 
potentially see the pygidial doublures of other trilobites (the pelagic forms) had 
distinctly identifiable terrace ridge arrays. A similar analysis of the dorsal surface 
would be expected to show as much species specificity in benthic and pelagic forms, 
if this hypothesis has any merit. 
Further support for this hypothesis could be inferred from the relatively poor 
separation of benthic families that was achieved by the analysis of the terrace ridges 
on the pygidial doublure, as can be seen in section 6.2. As was noted in section 
9.3.2, and shown in figure 6.15, it was demonstrated that pelagic forms occupy a 
more distinct area of shape space compared to the highly clustered benthic forms. 
This also suggests that the terrace ridges were more distinctive in those forms in 
which they were potentially visible. 
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Pelagic species specificity can also be inferred from the methodological study 
addressing issues of bilateral symmetry on the pygidial doublure in section 5.2. 
Whilst the study actually compared left and right sides of terrace ridge arrays, here 
several species within the pelagic genus Remopleurides appeared multiple times, and 
in almost all instances plotted more closely to one another than they did other 
members of the genus (and those that did not plot tightly were explained by 
methodological errors). If terrace ridges had a role in sexual selection, a specific 
level of distinctiveness would have been important, and is indicated by these results. 
Although multiple examples of benthic species typically plot closely in shape space 
throughout these studies too (as would be expected), the generally crowded areas of 
benthic shape space in this study indicate that terrace ridges on the pygidial doublure 
of the benthic forms are far less distinctive, which would be predicted if they did not 
have a significant role in species recognition. 
Hypos tome 
Further tentative support for the hypothesis of species specificity is seen on the 
hypostome. In figure 7.14 it can be seen that the different pelagic species plot 
broadly across the shape space, indicating that the terrace ridge arrays are 
morphologically distinct, which would support a species recognition hypothesis. In 
most cases pelagic species that appear more than once in the dataset plot closely to 
one another, for example Remopleurides simulus and Remopleurides caelatus in 
figure 7 .14. This similarity of species was demonstrated by the methodological 
studies in chapter 5. 
For the purposes of addressing this hypothesis it is assumed that the hypostome 
would potentially have been visible within groups of benthic trilobites, perhaps when 
feeding. The terrace ridge arrays would have needed to be distinctive for the species 
recognition hypothesis to be supported. This hypothesis is supported in part by the 
good clustering of groups within the population as seen in figures 7.6-7.9, and the 
statistical results presented in section 7.3.2. Additionally similar examples of 
duplicated species plotting very closely can be seen in the benthic forms. For 
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example, in figure 7.34 the Megistaspidinae are very closely grouped, with almost 
exactly the same scores for Megistaspis teicherti. Whilst a broad investigation of 
intraspecific variation was beyond the scope of this study, the implication across all 
the datasets is that species that appear more than once tend to occupy very similar 
areas of shape space, which is to be expected, but also supports this hypothesis. 
Dorsal pygidium 
Terrace ridges on the dorsal pygidium are less distinctive at a family/subfamily level 
(see sections 8.2.1 and 8.2.2), but these groups are well constrained, with the 
exception of the Remopleuridinae, as was discussed in section 9.3 .2. Again, there 
are many examples of the same species plotting closely in shape space. For example 
the data set of the Megistaspidinae consists of two examples of Emanuelaspis 
(Emanuelaspis) nicolli, which in figure 8.26 are seen to plot quite closely. 
In summary, there is some support for the hypothesis of species identification, which 
may well explain some of the more complex terrace ridge arrays that are seen in 
trilobites, for example lirae, which were beyond the scope of these analyses. The 
techniques developed herein could readily be applied to a more tailored study to 
demonstrate whether terrace ridge arrays are distinct at a species level in those areas 
of the exoskeleton where such a hypothesis might apply. 
9.3.5 Terrace ridges as Coaptative Structures 
As described in chapter 2, terrace ridges have been suggested to act as coaptative 
locking devices, with oppositely directed ridges on the cephalic and pygidial 
doublures preventing torsion or slippage (Bruton and Haas, 1987), and whilst this 
hypothesis does not address all types of terrace ridges it seems quite plausible for 
those on the doublure. Associated with this hypothesis is the suggestion that terrace 
ridges on the pleurae may have enabled respiration whilst enrolled (Fortey, 1986), 
but is not addressed by this present analysis. Additionally Whittington ( 1997) 
suggested that setae along peripheral terrace ridges may have been proprioceptive, 
helping to monitor the state of enrolment, which again would require evidence of 
associated setal pits. 
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Most trilobites could enroll (Chatterton and Campbell, 1993, p.l 03) and most 
trilobites had ventral terrace ridges, as was discussed in section 9.1. It might be 
suggested that trilobites that did not enrol did not possess coaptative strucures, or that 
they were much reduced in these forms. The only trilobite in the dataset that is 
thought not to have been capable of enrollment is the highly unusual trilobite 
Hypodicranotus, on account of its highly specialised hypostome, as discussed by 
Chatterton and Campbell ( 1997, p. Ill). It is not possible to comment on the utility 
of its terrace ridges as coaptative devices without consideration of those on the 
cephalic doublure, which was not included in this analysis. However, 
Hypodicranotus is completely isolated in the analysis of terrace ridges on the 
pygidial doublure, as can be seen in figure 6.52, where it plots very far outside the 
rest of shape space. On examination of figure 6.55 it can be seen that 
Hypodicranotus is even well outside of remopleuridid shape space. Whilst this is 
likely to be due to the fact that its overall pygidial shape is very different from all the 
other trilobites in this dataset, the terrace ridges are extremely distinct. 
A better test of the suggestion of coaptative devices would be to compare the terrace 
ridge traces on the opposing doublures, to check that they could indeed engage. The 
technique developed herein would be provide an ideal measure of fit between the two 
areas of engaging doublure and, given sufficient images of terrace ridges on the 
cephalic doublure, could readily be performed. Additionally it would be instructive 
to incorporate aspects of ridge geometry into the analysis. 
9.3.6 Suggested functions which are not addressed by this study 
As described in chapter 2, it has also been suggested that terrace ridges had a 
strengthening role (Wilmot, 1990c ). The presence of complex terrace ridge patterns 
suggests that the role of terrace ridges was not exclusively one of strengthening, but 
it is likely that cuticle strengthening was an important aspect of their formation. 
A camouflaging role, as was postulated by Brezinski ( 1988) as a function for 
tubercles, may also apply to terrace ridges. The possibility that terrace ridges may 
have helped to disrupt the outline of the trilobite on the dorsal surface (in fairly well 
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lit environments), remains, but is only testable with models and does not explain 
terrace ridges on the ventral surfaces. A final suggestion is stridulation (Seilacher, 
1985), by analogy with ridges on crab appendages. This process would have been 
almost impossible unless trilobites had cause to rub their terrace ridged surfaces 
against one another, and could never be substantiated. 
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10 Conclusions 
10.1 Main findings of this study 
This study has primarily sought to develop a technique whereby trilobite terrace 
ridges can be compared and analysed, in order to inform the wider debate on their 
function. Several potential functions for these enigmatic structures have been 
suggested but progress in assessing the value of these hypotheses has been hampered 
by their great complexity and variety. An extendable methodology for the 
quantitative analysis of trilobite terrace ridge arrays has been successfully identified, 
trialed and refined through the use of landmark registered extended eigenshape 
analysis and the results gained as a result of applying this novel technique to terrace 
ridges within the Asaphida have been presented here. 
In addition, an assay of trilobite terrace ridges across Class Trilobita has been 
conducted, and aspects of terrace ridge morphology informed by scanning electron 
microscopy study of these and other cuticular sensory structures. A database 
recording details of over 6000 images of trilobite terrace ridges in the literature has 
been developed and a repository of over 1600 images of the Asaphida created. 
The morphometric technique developed and described herein has, for the first time, 
enabled the quantitative comparison of terrace ridge arrays in trilobites. A 
measurement scheme has been developed that captures aspects of terrace ridge 
geometry and quantifies the major patterns of shape variation. Terrace ridges were 
analysed across three superfamilies of the Asaphida. Three areas of the exoskeleton 
were subjected to analysis: the pygidial doublure, the hypostome and the dorsal 
surface of the pygidium. 
Analyses of the terrace ridge data were performed at various taxonomic levels, with a 
clear clustering and separation of families and subfamilies being produced by 
analysis of the hypostomal and dorsal pygidial terrace ridges. Whilst preliminary 
studies indicated that terrace ridges on the pygidial doublure were well defined at a 
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family and subfamily level by this technique, a broader analysis resulted in poorer 
separation, suggesting that the signal in these types of ridges is perhaps discemable 
at another level of classification. The taxonomic separations defined by the terrace 
ridge arrays enabled the presence of misidentified or misassigned taxa to be 
identified, for example the taxonomic assignment of Ogyginus forteyi, an 
ogygiocarinid which the analysis identified as a niobinid on the basis of its 
hypostomal terrace ridges alone. This observation was reinforced by re-examination 
of the gross morphology. Additionally, incorrectly orientated or distorted images 
were independently identified by the analysis, thus demonstrating the sensitivity and 
reliability of this technique. 
The results of the analyses of the three areas of the exoskeleton selected were also 
considered in terms of ecological groupings. The preliminary study indicated that 
various depth-related groupings could potentially be identified by this technique, but 
the full analyses were considered in terms of pelagic and benthic morphologies as 
detailed ecological information was rarely available. Distinct areas of shape space 
were identified by the terrace ridges on the pygidial doublure and hypostome of 
pelagic and benthic forms, and some separation was observed for the terrace ridges 
of the dorsal surface of the pygidium of pelagic and benthic forms. 
Whilst analysis at the family level provided the best taxonomic groupings, the terrace 
ridges of the hypostome consistently yielded the best results. Results from all the 
analyses were used in an assessment of the various hypotheses put forward for the 
role of trilobite terrace ridges. Some support was provided for the frictional 
interaction and species recognition hypotheses, and the likely role of terrace ridges in 
cuticular strengthening and as coaptative devices was acknowledged. Whilst no one 
theory is likely to explain all types of terrace ridges, these hypotheses all explain 
aspects of terrace ridge morphology and position. It is speculated that the primitive 
condition for the Trilobita was ventral terrace ridges which were involved in 
frictional interaction. 
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Following a qualitative assessment of terrace ridge types and development in the 
Class Trilobita, terrace ridge characters were coded and plotted onto a phylogenetic 
tree to clarify the patterns of terrace ridge distribution across the Class. Terrace 
ridges were categorised as dorsal and ventral, with finer discrimination within these 
categories to denote strong and weak development on each surface. The presence 
and absence of lirae were also recorded. Increases and decreases in the development 
of each type of ridge in the various clades were plotted on the tree and the patterns 
across the Class interpreted. 
Ventral terrace ridges were shown to be widely distributed and, as is already widely 
believed, inferred to be primitive for the class as a whole. They were demonstated to 
have been secondarily lost, or at least highly reduced or specialised, in the 
Cheirurina, Calymenina, Agnostina, Harpina and Odontopleurida. This loss may well 
have been related to the acquisition of different types of cuticular structure (e.g. 
reticulation or granulation) and the adoption of specialised feeding behaviours in 
these groups. As was remarked by Fortey and Whittington (1989, p. 136), the 
presence of doublural terrace ridges may characterise a larger clade than Trilobita. 
The distribution of dorsal terrace ridges was more complex. It was inferred that the 
common ancestor of the eu-trilobite clade had lirae and dorsal terrace ridges and that 
dorsal ridges became increasingly important in some groups. This mapping 
approach also suggested that the majority of terrace ridge developments involved 
secondary ridge loss. The implication from several branches on the tree is that strong 
dorsal terrace ridges were repeatedly developed, only to be secondarily lost. This 
may have been due to changing feeding strategies or explansion into other niches, 
reflecting different utility for terrace ridges. It is certainly correlated with the 
development of alternative types of sculpture in the Phacopida, Lichida and Proetida. 
10.2 Suggestions for future study 
A technique has been developed which can now be applied more widely across Class 
Trilobita. Analyses of the Corynexochiida and the Lichida in particular may yield 
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interesting results. It would also be instructive to examine primitive and stem group 
Asaphida such as the Anomocaridae, Ceratopygidae and Dikelokephalinae in order 
to examine the phylogenetic development of terrace ridges in these groups. 
Additionally, other areas of the trilobite exoskeleton remain to be considered, such as 
the anterior cephalic doublure and border. Detailed ecological studies may provide 
insight into the utility of terrace ridges in various environments and the analysis of 
evolutionary lineages may reveal trends in terrace ridge development. 
The Extended Eigenshape Analysis technique could also be slightly adapted to 
capture aspects of traditional fingerprint analysis techniques, in order to analyse lirae. 
It is felt that these structures may provide further evidence in support of the species 
identification hypotheses for trilobite terrace ridge function. It would also be of 
interest to develop the technique into three dimensions, and potentially expand the 
heuristic to capture more elements of shape variation, including bifurcation and 
confluence. Morphometric methods could also be applied in tandem with sensory 
field mapping approaches. 
The subject of terrace ridges in trilobites still requires much attention. The 
mechanism of the secretion of terrace ridges, their origin, ontogenetic development 
and the details of their evolution through Class Trilobita remain poorly understood, 
and further research is required in order to satisfactorily address the various 
hypotheses for their function. 
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Appendices 
A. Database of trilobite terrace ridges in the literature 
(on CD-ROM) 
B. Scanned images of trilobite terrace ridge images used 
for Extended Eigenshape Analysis studies (on DVD) 
C. Raw coordinate data of trilobite terrace ridge traces as 
used for Extended Eigenshape Analysis studies (on 
CD-ROM) 
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D. Example heuristics for line tracing 
This appendix demonstrates how the lines were produced for the three major studies. 
See the start of chapters 6, 7 and 8 for more information about the heuristics defined. 
Pygidial Doublure 
The uppermost curve followed the terrace 
ridge that most closely approached the axial 
region, or where this ridge was not 
sufficiently continuous, the nearest ridge that 
continued distally to the margin. For the 
lowermost curve the ridge that most closely 
approached the margin was traced. The 
ridge that started on the axis closest to the 
midpoint between the uppermost and 
lowermost curve, and again reached the 
mar in, was followed as the middle curve. 
Hypos tome 
The uppermost terrace ridge was defined as 
the one starting as near to the anterior margin 
as possible that traversed the hypostome 
from the axis, travelling towards the lateral 
margin . The lowermost ridge was defined 
similarly, starting as posteriorly as possible 
on the axis and then trending towards the 
lateral margin. Once the ridge started to 
double back it was no longer followed. The 
middle ridge was defined as that which 
started equidistantly between the posterior 
and anterior ridges, and again was required 
to approach the lateral margin. 
Dorsal Pygidium 
The uppermost terrace ridge was defined as 
the one starting as near to the anterior margin 
as possible that traversed the pygidium from 
the axis, travelling towards the lateral 
margin . The lowermost ridge was defined 
similarly, starting as posteriorly as possible 
on the axis and then trending towards the 
lateral margin . The middle ridge was 
defined as that which started equidistantly 
between the posterior and anterior ridge 
positions on the axis. 
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